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THE LOCALIZED SURFACE PLASMON RESONANCE (LSPR) RESPONSE OF 
GOLD AND GOLD/SILVER METAL NANOSTRUCTURES TO PROTEIN 
BINDING AND GLOBAL REFRACTIVE INDEX CHANGES 
SRINIV AS R. BEERAM 
(AUGUST 06 2010) 
This dissertation describes new procedures for synthesizing and purifying Au and 
Auf Ag nanoplates directly on surfaces as well as controlled binding of proteins to their 
surface. It also describes fundamental changes in the optical properties of Au and Auf Ag 
nanoplates upon interaction with different liquids, proteins, or nanoparticles. Finally, this 
dissertation describes the highly selective and sensitive label-free detection of proteins in 
an immunoassay format using the optical properties of Au and Auf Ag nanostructures. 
A chemical seed-mediated growth procedure allowed the synthesis of Au nanoplates 
directly on surfaces with an initial 23% yield. Purification by either sonication or 
adhesive tape led to surfaces coated with ~90% Au nanoplates. Subsequent growth of Ag 
enabled the synthesis of ~90% Ag-coated Au nanoplates (AufAg) directly on the surface. 
Thiol self-assembly methods allowed select functionalization of the nanoplate terraces or 
edge sites with human anti-IgG or Au nanoparticles with controlled coverage and binding 
distance. Characterization of the nanostructures by UV -vis spectroscopy, infrared 
VI 
spectroscopy, atomic force microscopy (AFM), and scanning electron microscopy (SEM) 
confirmed the size, shape, composition, and protein or nanoparticle functionalization of 
the metal nanostructures. 
The localized surface plasmon resonance (LSPR) band of Au and Au! Ag 
nanostructures is sensitive to various liquid environments with a global refractive index 
(RI) sensitivity that follows as Au!Ag nanoplates (650 - 439 nmlRIU) > Au nanoplates 
(195 nmlRIU) > Au nanospheres (89 nmlRIU). The local LSPR response to protein 
binding was 2-3 times larger when proteins were bound to the edge sites of 
nanostructures compared to terrace sites for similar coverages because the plasmon fields 
are more intense at these sites. The LSPR response increased as the distance between the 
protein and the metal decreased in fairly good agreement with theory. 
The LSPR band of the metal nanostructures functionalized with human anti-IgG 
at the edge sites shifts in the presence of human IgG protein due to a change in the 
nanostructure environment following the highly selective antibody-antigen interaction 
with a limit of detection of 1 pg/mL. The sensitivity to human IgG followed the order 
Au! Ag nanoplates ~ Au nanoplates > Au nanospheres. The nanoplates do not respond to 
goat IgG below a concentration of 1000 ng/mL, showing excellent selectivity. This 
highly sensitive, selective, label-free, simple, and low cost method for sensing proteins 
may find use in biomedical applications. The long response times, about 24 hours for 
low protein concentration, needs improvement. 
Vll 
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1.1. Background on metal nanostructures synthesis and their use 
Metal nanostructures have physical and chemical properties that are different from 
their bulk. Nanomaterials are the candidates of interest in biosensing because of their 
small size, large surface-to-volume ratio, and size and shape dependent optical properties. 
Any binding event of an analyte to the receptor bound to the nanoparticle causes the 
optical properties of nanoparticles to change due to a change in the local refractive index 
around the nanoparticles environment which is not observed in their bulk counterpart. 
Nanomaterials can be used in various applications like sensing, catalysis, drug delivery, 
tissue engineering and tumor destruction. Au metal nanoplates are the ideal metal 
nanostructures for our work for determining the effect of binding location of proteins on 
the shift in Amax of the localized surface plasmon resonance (LSPR) spectrum because 
they 1) are atomically smooth, which allows easy visualization of molecules attached to 
the surface by AFM and 2) have different sites with different LSPR properties. 
The following section focuses on the synthesis of metal nanoplates and their various 
applications. Several methods exist in the literature for synthesizing Au and Ag metal 
nanopiates and can be categorized into synthesis in solution and synthesis directly on 
surfaces. Solution-based methods for synthesizing Au nanoplates include chemical, 
electrochemical, 1 and photochemicatl, 3 reduction of an Au complex (usually AuCI4-) in 
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the presence of a stabilizer. Some common chemical reducing agents include ethylene 
glycol,4-6 a polyamine,7, 8 lemongrass extract of a plant,9 polyvinylpyrrolidone (pVp),1O 
ascorbic acid/ I tartaric acid,2 sodium citrate/2-14 salicylic acid, 15 natural humic 
substance, 16 and formaldehyde 17 III the presence of stabilizers, such as 
cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTACI), 
PVP, or ionic liquids. The chemical reduction often involves heating,2, 4-6, 8,10,12-16 and in 
some cases, the reducing agent and stabilizer are the same.8, 10, 16, 18 For example, Huang 
and co-workers synthesized Au nanoplates of various sizes by heating an aqueous 
solution containing Au salt, cetyltrimethylammonium bromide (CTAB) and trisodium 
citrate by varying the composition of growth solution.13 Xia reported the use of PVP for 
synthesizing micron-sized Au nanoplates in solution by a thermal approach, controlling 
the molar ratio of PVP and HAuCI4.
10 Au nanoplates have also been synthesized within 
PYA polymer films 18 where PYA is also the stabilizer, in ionic liquids19 with heating, and 
in liquid crystals made of block copolymers20 at room temperature. Photochemical 
methods used CT ACI and PV A as stabilizing agents,2, 3 and in one case laser ablation of 
solid Au metal in solution led to Au nanoplates.21 Solution-based chemical methods for 
synthesizing Ag metal nanoplates involve the laser ablation of Ag metal,21 or chemical 
reduction of Ag + by PVp10, 22 and dimethylformamide23 through heating in the presence 
of a stabilizer. Light24-28 and heat29 induced conversion of nanospheres to nanoplates has 
also been reported. Mirkin and co-workers synthesized Ag nanoprisms of different 
thickness in solution by varying the concentration of sodium borohydride during a 
thermal conversion of spheres to nanoplates29 and by light induced reduction to 
synthesize Ag nanoplates in solution?6 Bastys et at synthesized high aspect ratio Ag 
2 
nanopnsms by illumination with either light-emitting diodes (LEDs) or white light 
combined with different color filters?4 Other methods involve heaeo - and lighe l -33_ 
induced shape changes of nanoplates. Lombardi and co-workers synthesized hexagonal 
Ag nanoplates from triangular nanoplates in solution by irradiating with a sodium lamp,31 
while Xu and co-workers used sodium lamp illumination to synthesize Ag nanoplates in 
solution, converting them into nanodisks and then regenerating them back to nanoplates 
by increasing the citrate concentration along with further illumination.32 
Several groups have reported the chemical seed-mediated synthesis of Au and Ag 
nanoplates in solutions.34-40 Mirkin and co-workers synthesized Au nanoprisms in 
solution with uniform edge lengths and thickness using a seed-mediated approach 
involving solutions containing a capping agent, Au salt, reducing agent and NaOH.39 Ha 
et al. reported the synthesis of Au nanoprisms by a seed-mediated approach, showing that 
the presence of iodide in the growth solution is responsible for nanoprism formation.37 
The concentration of iodide in the growth solution is also important for the formation of 
either triangular or circular plates. Carroll and co-workers synthesized truncated 
triangular Ag nanoplates in solution using a seed-mediated method in the presence of 
CT AB under alkaline conditions.35 High yields of Ag nanoplates (>95 %)34 and Au 
nanoplates (96 %)6 in solution have been reported both with39 and without6, 34 
purification. The main disadvantage of nanoplates synthesed in solution is that they need 
to be later assembled on a surface for various sensor or other plasmonic-based 
applications. The large excess of surfactant or polymer usually present can often make 
the assembly of well-isolated nanoplates on surfaces a challenge. Han and co-workers 
recently assembled Ag nanoprisms by two different methods on a surface from solution 
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and observed their different optical properties,41 but this has not yet been reported for Au 
nanoplates. 
There are examples of synthesizing Au and Ag nanoplates directly on a surface.42-48 
Van Duyne and co-workers pioneered the use of nanosphere lithography (NSL), a 
method to fabricate well-ordered arrays of Ag, Cu, and Al nanoplates directly on surfaces 
by vapor deposition of the metal of interest through an ordered array of polymeric 
spheres acting as a mask.48-5o Our group and others reported on the use of seed-mediated 
growth of Au or Ag nanoplates directly on surfaces.42, 43, 45-47 Seed-mediated synthesis of 
metal nanostructures is a simple benchtop wet chemical method that involves the 
synthesis of metal nanoparticle seeds that are attached chemically onto the surface 
through covalent linkage and growth of these nanoparticle seeds into nanoplates by the 
reduction of metal salt in the presence of a stabilizer (CTAB or PVP). The source of the 
CT AB we used to grow nanoplates directly on the surface was from Aldrich (95 %) 
which was critical in forming nanoplates.51 This method is beneficial over NSL in that it 
is an all chemical benchtop approach that does not require as many steps or high vacuum 
metal evaporation systems. Although NSL leads to highly uniform structures on the 
surface, the nanoplates synthesized by our method are well-isolated from one another and 
highly crystalline. Geddes and co-workers reported a 80% yield for Ag nanoplates42 but 
not well defined shapes and others reported a 30-60% yield for Au nanoplates.45, 46 Sun 
et al. reported a high yield, size-controlled synthesis of Ag nanoplates by galvanic 
exchange directly on an n-type semiconductor substrate.44 We synthesized Au nanoplates 
directly on surfaces by seed-mediated approach using two different methods. The 
percent yields of the nanoplates were 23 % and 44 % using two different growth 
4 
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solutions (GSI and GS2). We purified the nanoplates samples by using an adhesive tape 
and ultrasonication to remove the spherical particles that resulted in samples with a % 
yield of > 90 %. Our purification strategy leads to a higher yield of nanoplates on the 
surface when compared to other seed-mediated growth methods directly on surfaces. 
While it may be possible to synthesize Au nanoplates in solution in high yield and 
assemble them onto surfaces, we have not found any literature examples and believe our 
method will be better for assembling well-isolated nanoplates on surfaces with no 
aggregation. Nanoplates have been utilized in various applications, including catalysis,52-
54 drug screening, 55 controlled nucleic acid release, 56 surface-enhanced Raman 
spectroscopy (SERS),16 and LSPR-based biosensing.57 Table 1.1 shows a summary of 
various reducing agents and stabilizers for nanoplates synthesis in solution and on 
surfaces. 
Au nanoplates are the ideal metal nanostructures for our work for determining the 
effect of binding location on the shift in Amax of the LSPR spectrum because they 1) are 
atomically smooth, which allows easy visualization of molecules attached to the surface 
by AFM and 2) have different sites with different LSPR properties. Our group 
demonstrated imaging of the location of human anti-IgG bound directly on Au nanoplates 
as described in chapter III and others have shown by theoretical ca1culations58 and 
electron energy loss spectroscopy (EELS)59 that the electromagnetic field strength of the 
localized surface plasmons increases in the order of vertex sites > edge sites > terrace 
sites of metal nanoplates. The energy of the surface plasmons depends on the exact size 
and shape of the nanoplate, but generally follows the order vertex < edge < terrace. 59 
There have been some qualitative studies showing location-dependent shifts in Amax upon 
5 
Table 1.1. Summary of various reducing agents and stabilizers used in the synthesis of 
gold and silver metal nanoplates in solution and on surfaces. 
Nanoplates Reducing agent Stabilizer Seed Ref 
in solution 
Gold Sodium citrate PVP No 12 
Gold Orthophenylenediamine Orthophenylenediamine No 7 
Gold Ascorbic acid PVP No 11 
Gold Light PYA No 3 
Gold Polyethyleneimine Polyethyleneimine No 8 
Gold Humic substance +heat Humic substance No 16 
Gold Ethylene glycol +heat PVP No 4,5,6 
Gold Salicylic acid + heat PDDA No 14 
Gold Sodium citrate + heat CTAB No 13 
Gold PVP PVP No 10 
Gold PYA PYA No 18 
Gold Tartaric acid CTACI No 2 
Gold Light CTACI No 2 
Gold Formaldehyde Ionic liquid No 17 
Gold Aniline Polyaniline Yes 36 
Gold Ascorbic acid CTAB Yes 39 
Gold Electrochemical PVP No 1 
Gold Ionic liquid + heat Ionic liquid No 19 
Silver Ascorbic acid CTAB Yes 35 
Silver Ascorbic acid PSSS Yes 34 
Silver Ascorbic acid + citric acid NaAOT Yes 38 
6 
Silver DMF PVP No 23 
Silver PVP + heat PVP No 10 
Nanoplates Reducing agent Stabilizer Seed Ref 
on surface 
Gold PVP PVP Yes 45 
Gold Potential + ascorbic acid CTAB Yes 43 
Gold Ascorbic acid CTAB+ PVP Yes 46 
Gold Ascorbic acid CTAB Yes 47 
Silver Ascorbic acid CTAB Yes 42 
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analyte binding to metal nanostructures,57, 60 but none directly correlating the location of 
the bound analyte with the LSPR spectrum of the same sample on nanoplates or other 
structures, 
1.2. SPR and LSPR 
1.2.1. Surface Plasmon Resonance (SPR) 
SPR occurs when light is reflected off a thin metal film (usually Au) deposited on 
quartz when the angle of incidence is greater than the angle of Total Internal Reflection 
(TIR).61 SPR can be used for biodetection by observing the change in the SPR resonance 
angle when a biomolecule binds to the Au surface.61 For example, Lofas et al. utilized 
SPR to sense immunoglobulin antibodies by observing the critical angle changes when an 
antibody was bound to the gold film.62 Others have used SPR for detection of cell-ligand 
interactions, DNA, proteins, and nicotine gas.63-66 
1.2.2. Localized Surface Plasmon Resonance (LSPR) 
LSPR occurs when the frequency of incident photons matches the collective 
oscillations of the conduction band electrons of noble metal nanoparticles. Metal 
nanoparticles like gold and silver have been used for LSPR sensing because of their 
unique optical properties within the UV -VIS region. The difference between SPR and 
LSPR is that in SPR the surface plasmon is propagating on a thin metal film where as in 
LSPR the plasmon is localized on the surface of the metal nanoparticle. Table 1.2 shows 
a comparison of SPR and LSPR. 
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Table 1.2. Comparison between SPR and LSPR. 
Characteristic Surface Plasmon Resonance Localized Surface Plasmon 
(SPR) Resonance (LSPR) 
Modes Angle shift and wavelength Wavelength shifts and 
shift extinction changes 
Substrate Thin metal films Metal nanoparticles 
Propagating Distance 10-100 J.lm along x-y direction Plasmon is localized 
Label-free detection Yes Yes 
Commercial Yes No 
availability 
Multiplexing Yes Yes 
Small molecule Good Better 
sensitivities 
Cost US$ 150,000-300,000 US$ 5000 
Spatial resolution ~ 10 x 10 J.lm 1 nanoparticle 
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1.3. Background on LSPR 
When the frequency of incident photons matches the collective oscillations of the 
conduction band electrons of noble metal nanoparticles, localized surface plasmon 
resonance (LSPR) occurs67-71 which results in a strong absorption band or multiple bands 
in the visible region for metals such as Au and Ag. The intensity and wavelength of the 
LSPR band depends on several factors, including the composition, size, and shape of the 
nanoparticles as well as the dielectric properties of the environment surrounding the 
metal and their local proximity to other metal nanoparticles.67-71 Metal nanostructures 
can be used in sensing by three different ways based on their visible optical properties. 
The first involves monitoring shifts in the LSPR band due to nanoparticle aggregation or 
changes in the nanoparticle-nanoparticle distance. This is usually performed with 
nanoparticles in solution,72-75 but can be achieved in films. 76, 77 For example, researchers 
have detected polynucleotides,72 proteins,73, 75 solvents,77 and metal ions74, 76 through this 
scheme. Structural changes in DNA or other dynamic biophysical processes have also 
been probed by monitoring small changes in nanoparticle-nanoparticle distances 
optically, which is termed "molecular rulers".78-8o A second approach involves using the 
nanoparticles as optical tags81 , 82 similar to fluorophores or other labels in an 
immunoassay or for cell imaging. l3, 83 In the presence of a cell or biomolecule of interest, 
a metal nanoparticle binds to a surface or the cell and produces a signal that can be 
measured with a detector or directly imaged microscopically. Ag13, 81-83 and Au82, 84 
nanoparticles and striped metal nanorod biobarcodes85 are examples. The third approach, 
which is the focus of our research, involves monitoring the shift in the LSPR band for 
metal nanoparticles based on changes in the local dielectric environment upon binding of 
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analyte to the nanoparticle surface. This has recently been termed LSPR spectroscopl7, 
71 and compared to surface plasmon resonance (SPR) spectroscopy,86 which is a well-
established technique for monitoring biochemical binding events and reactions at 
surfaces. 
LSPR spectroscopy experiments can be performed on metal nanoparticles 
dissolved in solution,87-92 thin evaporated metal films,93-98 or chemically-synthesized 
metal nanoparticles immobilized on a surface99-104 and the optical properties monitored in 
transmission96, 97, 101, 102 or scattering/reflection mode on a collection of nanoparticlesl02 
or individual nanoparticles. 105, 106 Figure 1.1 shows the modes of performing LSPR 
based sensing. Sensing has been performed by detecting changes in the wavelength (M) 
or intensity of the LSPR band of the metal nanoparticles upon binding of analyte as 
shown in the cartoon in Figure 1.2. In most cases, the LSPR response exhibits a red shift 
and increases intensity upon analyte binding due to dielectric changes in the 
environment. 67-71 
1.4. Refractive Index Sensitivity 
There are two ways of performing LSPR experiments: 1) monitoring the response to 
global refractive index (Rr) changes and 2) measuring the response to local binding of 
analyte. 
Bulk RI sensitivity 
For RI changes, the sensitivity mainly depends on the bulk LSPR band position. As 
the wavelength increases, the sensitivity increases. Predictions generally show that the 
Rr sensitivity increases as the bulk LSPR band increases to higher wavelengths and 
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Figure 1.1. A) LSPR experiments of particles in solution. B) LSPR experiments 
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Figure 1.2. Cartoon showing general LSPR sensing mechanism. A) LSPR spectrum of 
a surface attached Au spherical nanoparticle. B) LSPR spectra after attaching the 
receptor. C) LSPR spectral response after binding analyte to the receptor. 
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aspect ratio of the metal increases. This is not always the case, however, depending on 
the extent of radiative damping and the effect of the substrate dielectric for assembled 
nanostructures.107 Studies have shown that the bulk refractive index (RI) sensitivity order 
follows as rods> triangles> spheres. 108, 109 Chen et ai. experimentally showed that the 
RI sensitivity of Au nanostructures followed as branches (703) > bipyramids (540) > 
rods (288) > cubes (83) > spheres (44).110 RI sensitivity is generally calculated from the 
slope of the wavelength changes per refractive index unit change. The figure of merit 
(FOM) followed the order bipyramids (4.5) > rods (1.7) > cubes (1.5) > branches (0.8) > 
cubes (0.6). The FOM is calculated by dividing the RI sensitivity by the full width at 
half maximum of the extinction peak of the nanoparticles. 
Local Binding 
Response to local binding refers to any molecular or biomolecular binding on the surface 
of the metal nanoparticle. The sensitivity to local binding of molecules decreases 
exponentially with increasing distance within 40-50 nm from the nanostructure and 
increases with increasing analyte volume. The global RI sensitivity serves as an upper 
limit to the local response. It is also predicted that the sensitivity depends on the 
molecule binding location on the metal nanostructure. 
1.5. LSPR sensing of various analytes. 
LSPR sensing reports of biological molecules, such as DNA60, 80, 81 and proteins,67, 97, 
102,103,105,111-116 have increased tremendously over the past few years because the method 
is highly sensitive, simple, low cost, and label-free. Several examples of LSPR 
spectroscopy for biosensing exist in the literature. Englebienne and co-workers were the 
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first to report antibody detection by measuring the extinction changes caused by local 
refractive index changes around Au nanoparticles in solution.88 Other solution examples 
include measurements of biopolymer adsorption kinetics,87 ligand-protein interactions,90 
high-throughput screening of proteins,91 pH,89 and ascorbic acid.89 Recently, Yu and 
Irudayaraj used antibody-functionalized Au nanorods of varying aspect ratio for 
multiplex biosensing of various IgG.92 Most of the solution examples detect proteins in 
the IlM to nM range. 
There are a large number of studies using films of metal nanostructures, either 
evaporated or chemically-synthesized, for LSPR sensing. Chilkoti and co-workers 
synthesized and assembled Au nanoparticles on the surface of glass101, 102 finding that the 
optimal nanoparticle size was about 39 nm in diameter102 for streptavidin sensing. 
Chilkoti also synthesized nanorods and assembled on a glass surface for sensing of 
streptavidin114 and found that nanorods were more sensitive when compared to that of 
nanoparticles. 114 Rubinstein and coworkers evaporated discontinuous Au films for 
sensing of avidin and antibodies specific to IgG and hCG antigens.94, 97 They detected 
porphyrins98 and vapor molecules96 when the Au films were coated with silica or 
polymers, respectively. Other examples include films of Au nanodot patterns,117 Ag dot 
arrays,118 Au evaporated onto porous anodic alumina, 119 electrodeposited Au, 120 
fabricated silica! Au core/shell particles,121 Au nanoparticles grown from Au seeds,103 Au 
evaporated on polystyrene, 122, 123 and Ag films sputtered93 or formed by glancing angle 
deposition95 for the detection of various analytes, such as IgG,95 streptavidin,93 aptamer-
protein interactions,119 melittin,121 and BSA. 103 Chemically-synthesized Au 
nanoparticles,99, 100, 104, 122 shells,124 bipyramids,125 or nanorods115, 126 assembled on 
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various surfaces, including smooth Au films,122 Si02,100 glass, I 04, 125, 126 and an optical 
fiber99 led to optical sensing of avidin,lOo streptavidin,99, 126 peptides,122 IgG,1I5 and 
cholera toxin. I04 Van Duyne and co-workers developed the use of nanosphere 
lithography86, 107, III, 112, 127-133 for LSPR sensing of streptavidin,128 a biomarker for 
Alzheimer's disease,lIl, 112 and a carbohydrate.86 Out of the methods described above, 
. Au nanorodsll4 and the optical fiber method99 displayed detection limits around 100 pM 
for streptavidin while the Ag nanosphere lithography approachl28 detected streptavidin 
below 1 pM. 
There are some examples of sensing studies on individual metal nanostructures. 
Most of these involve measuring the sensitivity to refractive index changes in the 
environment or a measurement of the sensing figure of merit (FOM) as a function of the 
metal composition, size, and shape. Examples include Au6o, 106, 134, 135 and Ag108, 136, 137 
nanoparticles, Au nanorods,105, 138 AU2S/ Au nanoshells,139 Ag cubes,140, 141 Ag triangular 
prisms, I 16, 137, 142, 143 star-shaped Au particles,144 and Au cubic frames. 145 Individual 
nanoparticles are optically sensitive to adsorbed alkanethiols, 108, 116, 139 chemical 
reactions,134 and atomic force microscopy imaging. 143 Examples of biosensing with 
individual nanoparticles include detection of streptavidin with an Au nanoparticle lO6 and 
Au nanorod,105, 138 cytokines with an Ag nanoparticle,136 and DNA with an Au 
nanoparticle coupled to a larger Au nanoparticle.6o One of the major benefits of single 
nanoparticle biosensing is the narrow band width in the spectrum due to the removal of 
broadening that occurs when measuring the average optical signal from many different 
particles. This improves the discrimination between small wavelength changes and the 
sensitivity. 141 In addition, single-particle sensing involves smaller volumes and the 
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Table 1.3. Summary of work performed on varIOUS nanostructures along with the 
detection limits of various analytes. 
N anostructure Analyte Detection Reference 
limit 
Gold nanoparticles on Avidin IIlg/mL 100 
silicon substrate 
Gold island films Avidin 50 llg/mL 97 
Gold nanoparticles Bovine serum albumin(BSA) O.OIIlM 103 
Human chorionic 
Gold films 
gonadotropin ~ (HeG) 
100 llg/mL 94 antibodies 
Silica core gold shell Mellitin 10 ng/mL 121 
Gold nanorods Anti-rabbit IgG 10nM 115 
Silver films Anti-rabbit IgG 13nM 95 
Gold films Anti-rabbit IgG IIlM 94 
Gold films Anti-mouse IgG IIlM 94 
Gold nanorod IgG 200nM 92 
multiplexing 
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Silver triangles Anti-ADDL 50nM 112 
Gold nanoparticles IgG 0.1 nglmL 47 
Gold nanoplates IgG 0.01 nglmL 173 
Gold colloids on fiber Streptavidin 9.8 * 10-11 M 99 
(-98 pM) 
Gold nanorods Streptavidin 0.005 Ilg/mL 114 
In PBS (95 




Gold nanoparticles Streptavidin 0.05Ilg/mL 102 
Gold nanoparticles Streptavidin 16nM 101 
Silver sputtered films Streptavidin 16nM 93 
Silver triangles Streptavidin 1 pM 172 
Single Au nanoparticle Streptavidin 50 IlglmL 106 
Single Au nanorod Streptavidin 1 nM 105 
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potential for massive multiplexing in an array format. Table 1.3 summarizes the list of 
various nanostructures used in LSPR sensing along with the detection limits for various 
analytes. 
There are several factors that control the LSPR response of metal nanostructures to 
dielectric changes in the environment, including the size,lIo shape,lIo and compositionl46, 
147 of the metal nanostructure.148, 149 The proximity of a nanoparticle to another,60, 150 
interaction with the substrate, 107, 122, 141, 151 surface roughness,152 electric field decay 
length (or sensing volume),67, 107, 114, 127, 132, 138 and volume of the analyte138 are also 
important. The width of the LSPR band/I, 141 the minimum detectable wavelength shift, 
and instrument noise are additional factors. 138 In general, as the bulk LSPR band of the 
metal and the aspect ratio of the nanostructure increases, the sensitivity increases since 
the plasmon decay length increases. 109, 134, 148 It was also shown that shells are more 
sensitive than similar diameter filled spheres lI3, 124, 139 and rod-shaped Au nanorattles are 
more sensitive than Au rods or spheres. 153 Cubes are less sensitive to refractive index 
(RI) changes compared to triangles, but have a larger FOM due to narrow peaks. 141 
Recently, Hafner and co-workers reported a refractive index sensitivity and FOM for 
star-shaped Au nanoparticles larger than previously reported for other shapes. l44 Coupled 
nanoparticle pairs are more sensitive compared to individual particles l50 and the 
sensitivity of metal nanostructures to the environment drops exponentially with distance 
from the nanoparticle. 132 In addition, the LSPR response is sensitive to the molecular 
adsorbate's electronic structure in relation to the LSPR band of the metal nanostructure.71 
The sensitivity to global refractive index changes in the medium represents the 
upper limit of the possible response to local molecular adsorbates or biomolecules 
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binding to the metal nanostructures. The LSPR response to these molecular or 
biomolecular events depends on the fraction of the sensing volume filled by the 
molecules attached. The sensing volume usually extends 25-50 nm from the nanopartic1e 
surface. The areas within the sensing volume are not equal, though, in terms of their 
effect on the LSPR band. As mentioned earlier, the sensitivity to the environments drops 
exponentially with distance, but it is also predicted that the sensitivity to local dielectric 
changes in the environment (analyte binding) depends on the location of the binding site 
on the nanostructure. VanDuyne and coworkers predicted that sharp parts of a 
nanostructure will act as "hot spots", being very sensitive to local dielectric changes, 
while flat terrace regions will be comparably less sensitive, or act as "cold spots".107 
Calculations showed that an Ag nanotriangle could be less than 10% covered, but still 
exhibit almost its maximum shift if the adsorbate is confined to the edges. 107 There are 
few experimental examples that support the theoretical prediction. First, VanDuyne and 
coworkers showed large shifts in the LSPR band for triangular Ag upon non-specific 
adsorption of antibody onto the Cr adhesion layer, which localized the antibody near the 
edges ("hot spots,,).112 Second, there were very different changes in the optical properties 
of an individual large Au nanopartic1e upon binding of smaller Au nanopartic1es though 
DNA hybridization.6o One reason suggested was that the optical shift depends on the 
binding location. 
There are several factors that control the sensitivity of metal nanostructures to a 
binding analyte. The following equation describes the change in the wavelength of 
maximum absorbance (~j."m3l') upon molecular binding to the nanostructure: 154 
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dAmax = (S(r)Ns)[dRI*N*V A] (1) 
where Vs is the sensing volume, dRI is the difference in the refractive index (RI) between 
the binding molecule and the medium, N is the number of bound molecules, and V A is the 
volume of one individual analyte molecule. S(r) is the spatially-dependent RI sensitivity 
of the metal nanostructure.1 54 The second term, dRI*N*V A, represents the optical mass 
increase as a result of the bound analyte. 154 This term only depends on the properties of 
the analyte and the medium; not the metal nanostructure. There is not much one can do 
to alter variables in the second term, other than to monitor the LSPR response in air 
before and after analyte binding instead of in aqueous solutions or high dielectric 
solvents. This is especially true for biosensing applications, since dRI is smaller between 
water and biomolecules compared to that between air and biomolecules. The first term in 
equation 1, S(r)Ns, depends on the metal nanostructure size and shape and the distance 
(r) between the bound molecule and the nanostructure surface. Vs is commonly defined 
as the volume surrounding the nanostructure that contains 95% of its sensitivity.154 S(r) 
and Vs can be determined experimentally as a function of different nanoparticle sizes and 
shapes. dAmax decreases exponentially as r increases. This is due to the exponential 
decrease in the electromagnetic field enhancement as a function of distance from the 
nanoparticle surface, known as the electric field enhancement decay length, ld. The result 
is that the LSPR band is not sensitive to analyte molecules greater than ~40-50 nm from 
the nanostructure surface. 102 Mathematical expressions for S(r) for a given nanostructure 
size and shape involve r, ld, and So, where rand ld are as described previously and So is 
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the bulk sensitivity to global changes in RI. So has recently been found to be independent 
of the nanostructure geometry for a given metal; it only depends on the initial Amax.
70
, 149, 
155 Chilkoti and co-workers recently developed an expression for S(r) in their study of 
Au nanorods as followS: 154 
S(r) = 3*So * exp(-2r/ld) (2) 
Substitution into equation (1), gives: 
~Amax = [3*So * exp(-2rlld)Ns][~RI*N*V A] (3) 
This equation can be rearranged to solve for N, the number of bound analyte molecules. 
The limit of detection (LOD) in terms ofN, can then be determined by replacing ~Amax in 
the equation with the minimum ~Amax detectable by the optical detection system. The 
minimum ~Amax detected depends on the optical system itself, data analysis method, and 
even the nanostructure since the amount of signal and peak width of Amax depends on the 
nanostructure geometry.154 As the signal, or scattering cross section, increases and the 
peak width decreases, the ability to detect ~Amax improves, leading to a lower LOD. 
One problem with the equations described above is that it does not take into 
account the non-homogeneous distribution of the electric field enhancement across a 
particular nanostructure. It is well known that sharp edges and comers of nanostructures 
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exhibit much larger electric field enhancement compared to smooth, or gradually curving 
regions. 58 For example, the electric field enhancement is large at the ends of nanorods, 
vertices of triangular nanoplates, points of branched structures, or within coupled 
nanoparticle pairs. 58, 156 These regions are considered to be "hot spots" that are highly 
sensitive to molecules binding in the vicinity much in the same way that these "hot spots" 
are responsible for surface enhanced Raman scattering (SERS) of Raman active 
molecules in their vicinity. In terms of the equations above, the non-homogenous 
distribution of the regions of electric field enhancement leads to a much smaller effective 
Vs than would normally be calculated experimentally. Vs has been calculated previously 
by adsorbing polyelectrolyte layers onto the surface of Au nanorods and other 
nanostructures and the ~Amax monitored as a function of thickness. 102 Vs is then defined 
as the volume completely surrounding the nanostructure out to a distance where the 
signal is 5% of the maximum. 154 This assumes that the polyelectrolyte molecules are all 
contributing to the signal equally, when in fact many of them adsorb to insensitive 
regions of the nanostructure and do not contribute appreciably to the signal. This leads to 
an overestimate of the V s. If there is no control over the binding location of the analyte, 
though, the above analysis agrees well with the experimental results since analyte 
molecules have equal probability of binding outside or within "hot spots". The overall 
average then matches theory with good agreement. 
The goal of our work was to selectively bind analyte molecules to the "hot spots" 
of metal nanostructures in order to better understand the effect of binding location on the 
LSPR response and ultimately improve the limit of detection (LOD) for biosensing 
applications. As mentioned above, controlled binding to the sensitive regions of the 
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metal nanostructure effectively reduces V s. The dAmax (or signal) will accordingly 
increase in equation 3. Even though the binding location is predicted to be an important 
factor in LSPR sensing, there are few experimental examples of controlled binding of 
analyte to "hot spots" or characterization of the analyte binding location on a 
nanostructure during LSPR sensing. While researchers have studied LSPR sensing with 
nanoparticles of various sizes and shapes, even down to the single particle level, there is 
still a lack of knowledge about how the LSPR response depends on the number of 
biomolecules binding and the location of the binding site on various size/shape metal 
nanostructures which are critical issues for optimizing the sensitivity of these types of 
biosensors. We have demonstrated experimentally that the edges of the nanostructures 
are very sensitive to protein binding by correlating the optical properties with Atomic 
Force Microscopy (AFM) images for on spherical Au nanoparticles and on the purified 
nanoplates for the first time as described in chapters III and V. We showed that edge-
functionalized pure Au nanoplates showed pronounced optical responses to analyte 
binding which is discussed in chapter IV. After demonstrating that the edges are 
sensitive to protein binding, we optimized the sensing distance by attaching the proteins 
close to the nanoparticle surface by changing the linker which is described in chapter V. 
Chapter VI of the dissertation shows a detailed LSPR responses to specific vs nonspecific 
IgG on edge attached anti-IgG. In Chapter VII we extended the LSPR sensing strategies 
of proteins through selective edge functionalization to Ag metal and showed bigger 





2.1.1 Silicon. Silicon substrates (Si/SiOx) were purchased from Silicon Quest 
International. Si/SiOx was used to grow the metal nanostructures directly on the surface 
for analysis by Atomic Force Microscopy (AFM) and Scanning Electron Microscopy 
(SEM). 
2.1.2 Glass. Glass substrates were purchased from Coming. Glass slides were used to 
grow the metal nanostructures directly on the surface for analysis of their optical 
properties by UV -vis spectroscopy. These were used for all Localized Surface Plasmon 
Resonance (LSPR) studies. Glass slides were also cut and cleaned using the same 
procedure as silicon. 
2.2. Synthesis of citrate capped Au nanoparticle "seeds". An aqueous solution of Au 
nanoparticle "seeds" was prepared by adding 0.5 mL of 0.01 M sodium citrate trisodium 
salt and 0.05 mL of 0.01 M HAuCl4 to 19 mL of water while stirring and then adding 0.6 
mL of ice cold 0.1 M sodium borohydride while stirring. The seed solution was allowed 
to stir for at least 2 h prior to use. The resulting Au nanoparticle seeds are about 3-5 nm 
in size. These were later used for the seed-mediated growth of Au nanoplates. The seed 
solution is good to use after 2 hrs of its preparation and bad after 5 hrs. 
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2.3. Preparation of Growth Solution. We used two different growth solutions for metal 
nanostructure synthesis, which was prepared fresh each time. The growth solution 1 (GS 
1) consists of 9 mL of 0.1 M cetyltrimethylammonium bromide (CTAB), 450llL of 0.01 
M HAuCI4, and 50 ilL of 0.01 M ascorbic acid. The growth solution 2 (GS2) consists of 
9 mL of 0.016 M CTAB, 450 ilL of 0.01 M HAuCI4, and 150 ilL of 0.2 M ascorbic acid. 
The source of the CTAB was Aldrich (95%) in both growth solutions, which was critical 
for synthesizing samples with a large population of nan opiates. 51 
2.4. Procedure for Cleaning Glass and Silicon Slides. Glass and silicon slides were 
first cut and cleaned in piranha solution (l:3 H202:H2S04) for 10-15 min. (Caution: 
this solution, piranha, is a strong oxidizing agent that reacts violently with organics.) 
The slides were then rinsed with water and dried under a stream ofN2 before further use. 
2.5. Functionalization of Glass and Silicon. The glass and silicon substrates were 
functionalized with mercaptopropyltrimethoxy silane (MPTMS) by heating them just 
below boiling in a solution containing 10 mL of 2-propanol, 100 ilL of MPTMS, and a 
few drops of water for about 30 min, then rinsed with 2-propanol and dried under N2. 
This results in the silane groups attaching covalently to the glass and silicon surface and 
thiol groups terminating the surface for attachment of Au nanoparticle seeds later. 
2.6. Synthesis of Au Nanostructures Directly on Surfaces. Au nanostructures were 
synthesized directly on glass microscope slides and Si/SiOx surfaces by a seed-mediated 
growth procedure.47 Figure 2.1 shows a scheme of the general procedure using the 
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procedures described in 2.1 to 2.5. The mercaptopropyitrimethoxy silane (MPTMS) 
functionalized silicon and glass slides were placed in an aqueous solution of 3-5 nm 
diameter citrate-stabilized Au nanoparticles ("seeds") for 15 minutes, which leads to their 
attachment to the thiol functionality of MPTMS through a strong Au-thiolate interaction. 
After rinsing with water, the substrates containing immobilized Au seed nanoparticles 
were then placed in a freshly prepared solution known as growth solutions as described 
previously (OSI and OS2). In both cases, this leads to the preferential reduction of Au 
from solution onto the sUrface-attached Au nanoparticle "seeds" via ascorbic acid, 
leading to the growth of the 3-5 nm diameter Au nanoparticles into larger Au 
nanostructures directly on the surface. The samples were rinsed with water and dried 
under nitrogen before further use. 
2.7. Purification of Au nanoplates. The Au nanoplates synthesized by seed-mediated 
growth are - 23% and - 44% pure using OS 1 and OS2, respectively. This requires 
further purification by tape or sonication. Both methods below lead to - 90% Au 
nanoplates on the surface. 
2.7.1. Purification by tape. We used Scotch brand magic adhesive tape to preferentially 
remove the spherical nanoparticles from the glass or Si/SiOx surface. The tape was 
placed on the substrate, pressed gently with one finger and then slowly peeled back at an 
approximately 90° angle. In the case of glass, the procedure was performed on both 
sides. 
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Figure 2.1. Scheme showing the general procedure for the synthesis of 
gold nanostructures directly on a surface. A) side view and B) top view. 
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2.7.2. Purification by sonication. We used a Bransonic ultrasonic cleaner with a 935 W 
input and 250 W output puissance HF to remove the spherical nanoparticles from 
substrates containing Au nanostructures. The substrate was placed in a glass vial 
containing 10 mL of nanopure water and then placed in the ultrasonicator for 2-5 
minutes. The substrate was removed from the vial, washed thoroughly with nanopure 
water, and dried under nitrogen. 
2.S. Synthesis of Ag-coated Au nanoplates (Au/Ag). Au nanoplates were synthesized 
first using the procedure described in 2.6 and then purified by ultrasonicating the sample. 
The resulting Au nanoplate sample was placed in an Ag growth solution containing 10 
mL of 0.08 M CTAB in pH 10.6 phosphate buffer, 250 ~L of 0.01 M AgN03 and 500 ~L 
of 0.1 M ascorbic acid for 30 minutes. I57 The samples were then washed with nanopure 
water and dried under nitrogen. 
2.9. Preparation of Anti-Human IgG and Human IgG. The stock solutions of anti-IgG 
and IgG were diluted in an aqueous solution of phosphate buffered saline, (PBS) whose 
pH is 7.4. The phosphate buffered saline (PBS) was purchased from Sigma-Aldrich and 
was dissolved in 1000 mL of nanopure water and used to prepare diluted solutions of 
anti-IgG and IgG. The resulting diluted solutions were stored in the refrigerator until 
further use. 
2.10. Functionalizing the Au Nanostructures and Au films with Anti-IgG. Anti-IgG 
was immobilized on the Au nanostructures and Au films by two different linking 
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methods. The first method, termed EDC coupling, involved immobilization onto the Au 
nanoplates by placing the sample in a 1 mM ethanol solution of mercapto-carboxylic 
acid, mercaptoundecanoic acid (MUA) or mercaptopropionic acid (MPA) for 12-15 h, 
rinsing thoroughly with ethanol, drying under N2, and then placing the sample in an 
aqueous solution of2 mM l-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 5 
mM N-hydroxy succinimide (NHS) for 1 h. After rinsing with water and drying under 
N2, we placed the sample in an aqueous 0.029 to 0.29 J.lglmL human anti-IgG solution for 
12-15 h, rinsed with pH 7.4 phosphate buffered saline and water, and dried under N2. 
Figure 2.2 shows a scheme for immobilizing anti-human IgG on the surface of Au 
nanostructures for IgG sensing. 
The second method, termed DSNB coupling was performed by exposing the Au to a 
solution of 5, 5' -Dithiobis (succinimidyl-2-nitrobenzoate) (DSNB) as shown in Figure 
2.3. Antibody immobilization occurs by placing the slides in antibody solution for 12-15 
h, washing with pH 7.4 phosphate buffered saline to remove physisorbed antibody, 
washing with water and drying under nitrogen. The slides were then placed in an antigen 
solution specific for the antibody for 12-15 hrs. 
2.11. IgG Sensing. Human IgG sensing was performed by placing the sample of human 
anti-IgG functionalized Au nanoplates and films in a pH 7.4 phosphate buffered aqueous 
saline solution containing human IgG overnight (~24 h) in the refrigerator before rinsing 
with pH 7.4 phosphate buffered saline and water and drying under N2. Figure 2.2 shows 
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Figure 2.2. Procedure for covalently attaching anti-IgG to Au nanostructures functionalized 
with a pure monolayer of mercaptoundecanoic acid (MUA) for sensing IgG. We used three 
different variations of this procedure - Pure MUA, 10 % MUA and place-exchanged MUA 
which is discussed in more detail in chapter III. 
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Figure 2.3. Coupling strategy for antibody immobilization using DSNB as a linker. 
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a general scheme for sensing IgG (antigen) after immobilizing anti-human IgG (antibody) 
onto Au nanostructures. 
2.12. Determining Conditions for Anti-IgG and IgG Sensing. Anti-IgG 
immobilization on Au nanoplates was confirmed by Atomic Force Microscopy (AFM) 
images as shown in Figure 2.4 at various concentrations of 2.9 JlglmL (Frame A), 0.29 
JlglmL (Frame B), 0.029 JlglmL (Frame C), 0.0029 JlglmL (Frame G) and 0.00029 JlglmL 
(Frame H) and the corresponding zoom-in images. We confirmed antibody/antigen 
immobilization by 1) imaging nanoplates with AFM as described above and 2) 
monitoring the surface FTIR spectra of Au films as described next. Although we did not 
use DSNB coupling for all experiments in chapters III-VII it was used as a proof of 
concept that antibody was successfully immobilized onto the Au surface through covalent 
linkage. We observed some nonspecific adsorption by observing the optical properties 
on Au nanoplate samples at concentrations of2.9 JlglmL anti-IgG and higher. FTIR data 
also confirmed this since we saw strong absorption bands around 1600-1700 cm- l and 
1500-1600 cm- l corresponding to the amide I and amide II bonds of antilgG on samples 
with no linker and control experiments using butanethiol as a linker instead of carboxylic 
acid thiols as shown in Figure 2.5. This lead us to use 0.29 and 0.029 JlglmL anti-IgG for 
all experiments in chapters III-VII, where we noticed no change in optical responses in 
control experiments with mercaptoethanol (ME) treated Au nanoplate samples. 
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Figure 2.4. AFM images of Au nanoplates functionalized using the procedure in 
Figure 2.2 with anti-lgG concentrations of A) 2.9 I-Ig/mL 8) 0.29 I-Ig/mL and C) 0.029 
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Figure 2.4 continued. AFM images of Au nanoplates· fundtior.lalized . using '. the 
procedure in Figure 2.2 with anti-lgG conc~ntrations of G) O.bQ29 i I-Ig/mL iH) 




• • I •• 
! I . I I • 
, i I ;' 
















BTH,O.029 mglml anti IgG, 
'--"~ ....... 0.029 mg/mL anti /gG only (no linker) 
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Figure 2.5. FTIR spectra showing response for control experiments using butanethiol 
(BTH) and no linker before immobilizing anti-IgG. 
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2.13. Instrumentation 
2.13.1. UV-vis spectroscopy. UV-vis spectra were obtained with a Varian CARY 50 
BIO UV -vis spectrophotometer. UV -VIS spectroscopy was used to measure the optical 
properties of the nanostructures (Au nanoplates) on the surface of the glass. This 
provided information about the composition and shape of the nanostructures and optical 
changes during antibody/antigen attachment. We reduced the noise in all of the 
extinction spectra by using the smooth operation in the Varian software with a filter size 
of 101. Figure 2.6.A shows a typical UV-vis spectra of the as synthesized Au 
nanostructures using growth solution 1. 
2.13.2. Atomic Force Microscopy. 
Atomic force microscopy (AFM) images were obtained with a Veeco Digital Instruments 
Nanoscope IlIa Multimode scanning probe microscope (Santa Barbara, CA) using a Si tip 
in tapping mode. AFM provides the topography of the sample giving information about 
the size, shape and coverage of the immobilized nanostructures. Figure 2.6.B shows an 
AFM image of the synthesized Au nanostructures on the surface of silicon. AFM was 
also used to image antibody anti-IgG on the surface as shown in Figure 2.5 and also 
provides information about nanoplate height in order to calculate the aspect ratio, which 
was not possible by SEM. 
2.13.3. Scanning Electron Microscopy. 
Scanning electron microscopy (SEM) images were obtained with a FEI-NOVA-600 
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Figure 2.6. A) UV -vis spectra of the nanostructures synthesized on glass by GS 1 as-
prepared. B) AFM and C) SEM images of the nanostructures on a silicon surface. 
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nanoplates synthesized directly on surfaces. Figure 2.6.C shows an SEM image of the 
synthesized Au nanostructures on a silicon surface. SEM provides a clear image, which 
is useful for width and shape measurements of nanostructures. 
2.13.4. Fourier Transform Infrared Spectroscopy. 
We used a Digilab-Win IR to record the surface reflectance infrared spectra of antibody 
and antigen attached to Au films. Figure 2.7 shows a cartoon of the antibody attachment 
on an Au film using mercaptocarboxylic acid as a linker. FTIR initially confirmed that 
our antibody/antigen coupling strategy was successful. We characterized Au films by 
surface FTIR before and after antibody and antigen attachment. Figure 2.8.A shows the 
FTIR spectra of anti-IgG immobilized by EDCINHS coupling on an Au film 
functionalized with mercaptopropionic acid (MPA) and Figure 2.9. A shows the spectra 
of anti-IgG immobilization using DSNB as a linker. The spectrum after antiIgG shows 
strong absorption bands around 1600-1700 cm-! and 1500-1600 cm-! corresponding to the 
amide I and amide II bonds of antilgG. Antigen specific for antilgG is detected by an 
increase in absorption at around 1500-1700 cm-!, which corresponds to the additional 
amide bonds of the IgG. Figure 2.8 B and 2.9. B shows the FTIR data for specific and 
nonspecific antigen. The amide I and amide II bands at 1600-1700 cm-! and 1500-1600 
cm-! increased for the specific antigen IgG while they remained the same for nonspecific 
antigen. FTIR data served as a proof of concept that antibody can be immobilized on the 
surface of Au through covalent linkage using the two methods as described above. It also 
showed specific interaction between anti-IgG and the corresponding antigen IgG. The 
FTIR on Au films helped us choose the concentrations and conditions for functionalizing 
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Au nanoplates with antibody/antigen. We eventually chose terminated COOH thiols and 






Figure 2.7. Cartoon showing antibody immobilization on 
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Figure 2.8. A) FTIR spectra of antibody antiIgG immobilized on an Au film by 
EDC coupling to mercaptopropionic acid and detection of IgG antigen. B) FTIR 
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Figure 2.9. A) FTIR spectra of antiIgG immobilized on an Au film functionalized with 
DSNB and detection of IgG antigen. B) FTIR spectra of anti -IgG functionalized Au film 
after exposure to non-specific catalase. 
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CHAPTER III 
SELECTIVE ATTACHMENT OF ANTIBODIES TO THE EDGE SITES OF 
GOLD NANOSTRUCTURES FOR ENHANCED LOCALIZED SURFACE 
PLASMON RESONANCE BIOSENSING 
Here we demonstrate control over the location of anti-IgG proteins bound to Au 
nanoplates formed on glass and silicon samples. Preferential attachment to edge and 
vertex sites occurs by performing a thiol place-exchange reaction between 
mercaptoethanol (ME) attached to the Au nanostructures and mercaptoundecanoic acid 
(MUA) in solution, which localizes the carboxylic acid groups of MUA on the edge sites 
for subsequent amide linkage of anti-IgG. In contrast, anti-IgG attaches randomly onto 
the terrace regions of Au nanostructures functionalized directly in pure MUA or 1:10 
MUA:ME solutions. Importantly, Au nanostructures with anti-IgG selectively bound to 
the edge sites exhibit significantly larger changes in the absorbance and wavelength of 
maximum absorbance (Arnax) of their localized surface plasmon resonance (LSPR) 
response upon binding compared to those with anti-IgG randomly attached to terrace 




Localized surface plasmon resonance (LSPR) is the result of collective oscillations 
of conduction band electrons for noble metals like Au, Ag.67-71 The wavelength of 
maximum absorption depends on size, shape, composition, environment surrounding the 
metal nanoparticle.67-71 LSPR can be used for sensing by monitoring the changes in the 
LSPR band when analyte bounds to the receptor attached to the nanoparticle surface. 
The sensor responds either by a red shift in the LSPR band to longer wavelengths or 
increase in intensity of the LSPR band of the metal nanoparticles upon binding of 
analyte. LSPR based sensing is low cost, simple and label-free method. Van Duyne and 
co-workers predicted that the edges of nanostructures are very sensitive to local changes 
while terrace sites are less sensitive. 107 While the existence of sharp edges are often used 
to explain different LSPR sensitivities for different-shaped nanoparticles, there have been 
no reports demonstrating controlled binding of analyte to the edge regions of metal 
nanostructures or providing detailed characterization of the binding location. This 
chapter describes selective attachment of antibodies to the edges of Au nanostructures 
demonstrating enhanced LSPR response versus terrace attached antibodies. 
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3.2. EXPERIMENTAL 
Details on the Synthesis of Au Nanostructures 
Au nanostructures were synthesized directly on glass and silicon surfaces by a seed-
mediated growth procedure described first by Murphy and co-workers for the solution-
phase synthesis of Au nanorods158 and later by Taub et al.,159 our group,160-164 and 
others165 for the synthesis of Au nanorods and other structures directly on surfaces. Glass 
and silicon slides were first cut and cleaned in piranha solution (1:3 H202:H2S04) for 10-
15 min. After rinsing with water and drying under a stream of N2, the substrates were 
functionalized with mercaptopropyltrimethoxy silane (MPTMS) by heating them just 
below boiling in a solution containing 10 mL of 2-propanol, 100 JlL of MPTMS, and a 
few drops of water for about 30 min. After rinsing with 2-propanol and drying under N2, 
The MPTMS functionalized silicon and glass slides were placed in an aqueous solution 
of 3-5 nm diameter citrate-stabilized Au nanoparticles ("seeds,,)121 for 15 minutes, which 
leads to their attachment to the thiol functionality of MPTMS through a strong Au-
thiolate interaction. After rinsing with water, the substrates containing immobilized Au 
seed nanoparticles were then placed in a freshly prepared solution containing 9 mL of 0.1 
M cetyltrimethylammonium bromide (CTAB), 450JlL of 0.01 M HAuCI4, and 50 JlL of 
0.01 M ascorbic acid for 1 h. This leads to the preferential reduction of Au from solution 
onto the surface-attached Au nanoparticle "seeds" via ascorbic acid, leading to the 
growth of the 3-5 nm diameter Au nanoparticles into larger Au nanostructures directly on 
the surface. 163, 164 The samples were rinsed with water and dried under nitrogen before 
further use. We previously reported on the use of this method to grow 10-15% Au 
nanorods directly on the surface.162-164 Recent reports show that the growth of nanorods 
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depends on the source of the CTAR 166 In this case, we used CTAB from Aldrich 
Chemical (98%), which led to a large percentage of Au nanoplates on the surface as 
opposed to nanorods for reasons that are not understood. For this research, we desired a 
large number of Au nanoplates in order to monitor the coverage and location of the anti-
IgG bound to the nanostructures as discussed later. Figure 3.1 shows an AFM image ofa 
typical silicon sample, which consisted of 67% spherical particles, 27% triangular 
nanoplates, and 6% circular nanoplates. The nanoplates were in the range of 100 - 200 
run on a side. 
Schemes Showing the Procedure for Functionalizing the Au Nanostructures with 
Anti-IgG We covalently attached anti-IgG to the Au nanostructures by three methods. In 
the first method, termed "pure MUA", we placed the sample in a 1 mM ethanol solution 
of mercaptoundecanoic acid (MUA) for 12-15 h, rinsed thoroughly with ethanol, dried 
under N2, and then placed the sample in an aqueous solution of 2 mM l-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and 5 mM N-hydroxy succinimide (NHS) for 
1 h. After rinsing with water and drying under N2, we placed the sample in an aqueous 
0.029 or 0.29 Jlg/mL human anti-IgG solution for 12-15 h, rinsed with phosphate 
buffered saline and water, and dried under N2. The second procedure, termed "10% 
MUA", involved the same procedure, except that we placed the sample into an ethanol 
solution containing a 1: 10 mole ratio.(total of 1 mM) ofMUA and mercaptoethanol (ME) 
prior to anti-IgG coupling. We term this 10% MUA due to the solution composition, but 
the monolayer composition is likely different. In the third procedure, termed "place-
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Figure 3.1. An atomic force microscopy (AFM) image of (A) Au 
nanoplates and other nanostructures grown on a silicon surface and 
(B) expanded image of an Au nanoplate. 
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exchange", we placed the sample in a 1 mM ethanol solution of ME overnight and then 
exchanged the ME monolayer with MUA by placing the sample into a 5 mM ethanol 
solution ofMUA for 4 h. Finally, we attached anti-IgG via EDC and NHS coupling. We 
hypothesized that the place-exchange strategy would lead to selective edge 
functionalization based on results by Murray and co-workers, who speculated that thiol 
place-exchange reactions on Au nanoparticles occur preferentially at vertex and edge 
sites due to less steric hindrance. If true, the MUA molecules should exchange at edge 
and vertex sites on the Au nanoplates and nanoparticles, which would subsequently lead 
to the attachment of anti-IgG to these sites. 
Figure 3.2 shows the first two methods ("pure MUA" and "10% MUA") used to 
covalently attach anti-IgG to the surfaces of the Au nanostructures. These two strategies 
lead to attachment of anti-IgG onto the terraces of Au nanoplates (and presumably Au 
nanoparticles) through an amide linkage. Figure 3.3 shows our strategy for edge 
functionalization of Au nanoplates (and presumably Au nanoparticles) with anti-IgG by 
"place-exchange" . 
48 
I Gold plate I 
1-Ethyl-3-(3-dimethylamino 
propyl) carbodiimide (EOC) 
I 
N-hydroxy succinimide (NHS) 
B l' ,10 MUAME 
Hooe 
1-Ethyl-3-(3-dimethylamino 
propyl) carbodiimide (EOC) 
I 










Figure 3.2. Schematic procedure for covalently attaching anti-IgG to 
Au nanostructures functionalized with A) a pure monolayer of 
mercaptoundecanoic acid (MUA) - "pure MUA" and B) a mixed 
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Figure 3.3. Schematic procedure for selective edge attachment of anti-IgG to Au 
nanoplates - "place-exchange". 
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3.3. RESULTS AND DISCUSSION 
AFM Images of Anti-IgG on Au Nanoplates 
Figure 3.4 shows AFM images of Au nanoplates functionalized by the three 
strategies at the two different concentrations of 0.29 j..tg/mL and 0.029 j..tg/mL anti-IgG. 
We focused on Au nanoplates because they are atomically smooth and allow easy 
visualization of anti-IgG on the surface. In contrast, we could not identify anti-IgG on 
the highly curved spherical nanopartic1es by AFM. We assume that the coverage and 
location of anti-IgG on the Au nanoplates reflects that on the spherical nanopartic1es. We 
assign the bright spots on the nanoplates in Figure 3.4 to the attached anti-IgG. For the 
pure MUA strategy (Figure 3.4A and 3.4B), the coverage decreased as the concentration 
of the anti-IgG decreased. This also occurred for the 10% MUA strategy (Figure 3.4C 
and 3.4D), but the coverage was lower at both concentrations compared to pure MUA 
due to a fewer number of binding sites on the surface. At 0.029 j..tg/mL, the 10% MUA 
surface does not show any bound anti-IgG. With both strategies, the anti-IgG bound 
randomly to the flat terrace sites of the nanoplates. In contrast, for the place-exchange 
sample (Figure 3.4E and 3.4F), the anti-IgG attached preferentially at the edges, and even 
the vertex in Figure 3.4F, of the Au nanoplates. The coverage did not correlate well with 
anti-IgG concentration when comparing 0.29 and 0.029 j..tg/mL, suggesting that it was 
limited by the amount of MUA exchanged on the edge. While only two images are 
shown in Figure 3.4, edge localization occurred for 19 out of22 nanoplates imaged at the 
two concentrations (See Figure 3.5 and 3.6 for AFM images of other nanoplates). As 
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Figure 3.4. AFM images of Au nanoplates functionalized with anti-
IgG using the (A, B) pure MUA, (C, D) 10% MUA, and (E-H) place-
exchange strategies and anti-IgG concentrations of (A, C, E, G, H) 0.29 
IlglmL and (B, D, F) 0.029 IlgimL. Place-exchange occurred with (E, 
F) 5 mM MUA and (G, H) 6 mM MUA. 
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further evidence that selective edge functionalization occurred, increasing the MUA 
concentration to 6 mM during the place-exchange reaction led to more anti-IgG on the 
edge sites as shown in Figure 3.4G and 3.4H (See Figure 3.7 also). We measured the 
root-mean-square (RMS) roughness of the Au nanoplates as a function of anti-IgG 
concentration (Figure 3.8) to quantify the surface coverage of anti-IgG for the three 
strategies. The pure MUA strategy had the largest anti-IgG coverage since it had the 
most MUA binding sites on terraces. 
Figure 3.5 shows 11 AFM images of Au nanoplates with anti-IgG attached by the 
place-exchange method using a 0.029 Ilg/mL concentration. The anti-IgG clearly 
attached to edge sites in 9 of the nanoplates. Figure 3.6 shows another 11 AFM images 
of Au nanoplates with anti-IgG attached by the place-exchange method using a 0.29 
Ilg/mL concentration. The anti-IgG attached to edge sites in 10 out of these 11 
nanoplates. Only 3 nanoplates out of the 22 plates imaged did not show edge 
functionalization; there was no visible anti-IgG on the surface. We believe this serves as 
proof that preferential edge attachment occurred by our method. Figure 3.7 shows 5 
images where we attached anti-IgG at a concentration of 0.29 llg/mL after place-
exchange with 6 mM MUA instead of 5 mM. In 4 out of the 5 images, the edge 
attachment of anti-IgG is enhanced versus terrace sites. This further supports that 
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Figure 3.5. AFM images of anti-IgG bound to Au nanoplates using th~ place-ex¢h~ge 
method with an anti-IgG concentration of 0.029 llg/mL 'and 5 mM MUA concentration durhlg 
exchange. Nine out of the 11 nanoplates clearly had anti-IgG attached to edge sites. ; :: .. : i 
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Figure 3.6. AFM images of anti-IgG bound to Au nanoplates using the place-exchange method 
I 
with an anti-IgG concentration of 0.29 J.lg/mL and 5 roM MUA concentration during exchange. 




Figure 3.7. AFM images of anti-IgG bound to Au nanoplates using the 
place-exchange method with an anti-IgG concentration of 0.29 /-lglmL 
and 6 mM MUA concentration during exchange. While not all of the 
anti-IgG are on edge sites, most are and the number of anti-IgG bound to 
edges increased due to the increasing MUA concentration during 
exchange. 
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Root-Mean-Square (RMS) Roughness Measurements to Quantify Anti-IgG 
Coverage 
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Figure 3.8. RMS roughness measurements as a 
function of anti-IgG concentration for the different 
strategies as shown. The roughness ranges from about 
0.07 nm for no anti-IgG adsorption to about 0.75 nm 
for a full coverage of anti-IgG. The larger the RMS 
value the larger the anti-IgG coverage. 
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It was very difficult to count individual anti-IgG on the Au nanoplates to determine a 
coverage in terms of the number of anti-IgG per nanoplate or number of anti-IgG per unit 
area. Instead, we measured the RMS roughness of the middle region of the Au 
nanoplates, excluding the edges, to indirectly quantify the coverage. As the coverage of 
anti-IgG on the Au nanoplates increases, the RMS roughness increases, giving an indirect 
measurement of coverage. Figure 3.8, Frame A, shows the RMS roughness measurement 
of Au nanoplates functionalized by the pure MUA method as a function of anti-IgG 
concentration from 0 f.lglmL up to 2.9 f.lglmL. The 0 f.lglmL represents the average 
roughness of bare Au nanoplates (RMS ~0.07 nm) and 2.9 f.lglmL represents an 
approximate full coverage of anti-IgG (RMS ~0.75 nm) on the surface based on AFM 
images (not shown). This shows that the coverage of the Au nanoplates can be controlled 
by the anti-IgG concentration. We found that there was also some non-specific 
adsorption at 2.9 f.lglmL for the Au nanoplates. For this reason, we did not include AFM 
and spectroscopy data for the different strategies at this concentration. Figure 3.8, Frame 
B, shows the RMS roughness of Au nanoplates functionalized by the various strategies as 
a function of the two anti-IgG concentrations. Pure ME is a control sample, where anti-
IgG can only adsorb by non-specific adsorption since no covalent attachment is possible. 
At 0.029 f.lglmL, the pure ME, 10% MUA, and place-exchange samples all show RMS· 
roughness values similar to bare Au nanoplates. This is consistent with the AFM images 
of the 10% MUA, which showed no anti-IgG attachment, and the fact that there is no 
non-specific adsorption on ME-coated surfaces. The place-exchange has a similar RMS 
roughness as bare Au because it is measured in the middle of the Au nanoplate, where 
there is no anti-IgG since it is located preferentially on the edges. Only pure MUA has a 
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significant roughness at 0.029 llg/mL because there is a significant amount of anti-IgG 
attached to the terraces at this concentration. At 0.29 llg/mL, both pure MUA and 10% 
MUA have significant RMS roughness values since they both contain anti-IgG on the 
terrace regions. The place-exchange surface again shows the same roughness of bare Au 
because the anti-IgG is located on the edges. The pure ME Au nanoplates have the same 
roughness as bare Au because there is very little or no non-specific adsorption of anti-IgG 
on the surface at this concentration. 
Visible Spectra Before and After Anti-IgG Binding 
We used a Varian Cary 50 Bio UV-vis spectrophotometer to monitor the absorbance 
in air (in transmission mode) of the Au nanostructures grown on glass substrates before 
and after attachment of anti-IgG by the three different strategies. Figure 3.9 shows the 
visible spectra of samples of Au nanostructures functionalized by the pure MUA (3.9A 
and 3.9B), 10% MUA (3.9C and 3.9D), and place-exchange (3.9E and 3.9F) methods 
before and after attachment of anti-IgG from 0.29 and 0.029 llg/mL concentrations (See 
Figures 3.10-3.18 for all samples). Each sample displayed a major LSPR band between 
530 and 550 nm attributed to the Au nanostructures (mainly spherical nanoparticles). We 
normalized each pair of spectra to the absorbance at the wavelength of maximum 
absorbance (Amax) before anti-IgG attachment, which made the absorbance at Amax equal 
to 1.0 before anti-IgG attachment and allowed easy comparison ofthe relative absorbance 
increase after anti-IgG attachment for each strategy. Qualitatively, for the pure MUA and 
10% MUA samples, there was no significant increase in the LSPR intensity or 




































Figure 3.9. Visible spectra of Au nanostructures functionalized with A-B) pure 
MUA, C-D) 10% MUA, and E-F) place-exchange strategy before and after 
attachment of anti-IgG from concentrations of A, C, E) 0.29 /lg/mL and B, D, F) 
0.029 /lg/mL. Inset shows zoom-in of peaks. 
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absorbance actually decreased in 2 out of the 4 cases. In contrast, there was a significant 
increase in the intensity and A.max upon binding of anti-IgG from both the 0.29 and 0.029 
J.lglmL solutions for the place-exchange samples. Based on the AFM images, we believe 
this is due to anti-IgG being located at edge or vertex sites for the place-exchange 
samples. Even though the anti-IgG coverage is comparably larger for the pure MUA at 
both concentrations and the 10% MUA at 0.29 J.lglmL, the optical response is 
insignificant because the anti-IgG is located on the less sensitive terraces. This 
qualitatively confirms that the LSPR response of Au nanostructures is more sensitive to 
dielectric changes (analyte binding) on edge sites as compared to terrace sites. The Van 
Duyne group previously calculated that a Ag nanotriangle could be less than 10% 
covered, but still exhibit almost its maximum shift if the adsorbate is confined to the 
edges. 
Figure 3.1 0 shows a quantitative statistical analysis of the change in A.max (~A.max) 
and change in normalized absorbance (~AlAinitial) as a function of the two anti-IgG 
concentrations for the three different functionalization strategies and for Au 
functionalized with ME only as a control (See Table 3.1 and 3.2 for all data). ~A is equal 
to Afinal - Ainitiab where Ainitiaf and Afinal are the absorbances at A.max before and after anti-
IgG binding, respectively. The bar graphs show the average and standard deviation 
measured from 3 samples of each strategy (2 for pure ME). We performed the 
measurements by marking the samples and monitoring the same area of the glass slide 
before and after anti-IgG binding. The deviation in ~A.max and normalized ~AlAinitial on 
an untreated sample over a one-week period was at most 2 nm and 0.02 (2%), 
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Figure 3_10. Bar graphs of A) L1Amax and B) L1AIAinitiai for both anti-IgG 
concentrations using the three different strategies and ME only. 
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Spectroscopy Data Tables for the Different Strategies and Anti-IgG Concentration 
Table 3.1. Data table showing the absorbance for all samples before (Ainitial) and after 
(Afinal) attachment of anti-IgG as a function of attachment strategy and anti-IgG 
concentration. Table also shows the absolute (L\A) .and normalized absorbance change 
(L\AI Ainitial). 
6 mM MUA place-exchange 
Concentration Sample Alnltlal A flnal llA llAl Alnltlal 
0.29 ~g/mL 1 0.072 0.077 0.005 0.069 
2 0.066 0.073 0.007 ·0.106 
3 0.071 0.081 0.01 0.141 
Average 0.105 
Std. Dev. 0.036 
5 mM MUA place-exchange 
Concentration Sample Alnltlal Aflnal llA llAlAlnltlal 
0.29 ~g/mL 1 0.076 0.080 0.004 0.053 
2 0.053 0.067 0.014 0.264 
3 0.072 0.079 0.007 0.097 
Average 0.138 
Std. Dev. 0.112 
0.029 ~g/mL 1 0.087 0.092 0.005 0.057 
2 0.073 0.083 0.010 0.137 
3 0.084 0.096 0.012 0.143 
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Average 0.112 
Std. Oev. 0.048 
Pure MUA 
Concentration Sample Alnltlal A flnal llA llAlAlnltial 
0.29 J.lg/mL 1 0.056 0.055 -0.001 -0.018 
2 0.040 0.040 0.000 0.000 
3 0.105 0.104 -0.001 -0.010 
Average -0.009 
Std.Oev. 0.009 
0.029 J.lg/mL 1 0.140 0.135 -0.005 -0.036 
2 0.062 0.062 0.000 0.000 
3 0.047 0.048 0.001 0.021 
Average -0.005 
Std. Oev. 0.029 
1:10 MUA:ME 
Concentration Sample Alnltlal A flnal llA llAlAlnlilal 
0.29 J.lg/mL 1 0.101 0.099 -0.002 -0.020 
2 0.085 0.084 -0.001 -0.012 
3 0.088 0.086 -0.002 -0.023 
Average -0.018 
Std. Oev. 0.006 
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0.029 /!9/mL 1 0.088 0.087 -0.001 -0.011 
2 0.070 0.065 -0.005 -0.071 







Concentration Sample Alnltlal Aflnal AA AA/Alnltlal 
0.29/!9/mL 1 0.051 0.047 -0.004 -0.078 
2 0.058 0.057 -0.001 -0.017 
Average -0.048 
Hi 
Std. Oev. 0.043 
, 
0.029 /!9/mL 1 0.019 0.019 0 0.000 
2 0.018 0.018 0 0.000 
Average cla" O.?OO $l 
Std.Oev. ,I' 0.000 
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Table 3.2. Data table showing the wavelength of maximum absorbance for all samples 
before (Amax, initial) and after (Amax, final) attachment of anti-IgG as a function of attachment 
strategy and anti-IgG concentration. The change in Amax is also shown (~Amax) 
6 mM MUA place-exchange 
Concentration Sample Amax,lnltial Amax,flnal Mmax 
0.29 Ilg/mL 1 548.0 558.0 10 
2 541 .0 550.0 9 
3 547.0 556.0 9 
9.3 
0.6 
5 mM MUA place-exchange 
Concentration Sample Amax,lnltlal Amax,flnal Mmax 
0.29 Ilg/mL 1 536.0 544.0 8.0 
2 559.0 561 .0 2.0 
3 545.0 552.0 7.0 
Average 5.7 
Std. Dev. 3.2 
0.029 Ilg/mL 1 544.0 551 .0 7.0 
2 544.0 548.0 4.0 
3 536.0 540.0 4.0 
Average 5.0 
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Std. Dev. 1.7 
Pure MUA 
Concentration Sample "max,lnltlal "max,flnal Mmax 
0.29 ~g/mL 1 532.0 534.0 2.0 
2 556.0 556.0 0.0 
3 530.0 532.0 2.0 
Average 1.3 
Std. Dev. 1.2 
0.029 ~g/mL 1 546.9 547.9 1.0 
2 527.0 526.0 -1.0 
3 534.0 533.0 -1 .0 
Average -0.3 
Std. Dev. 1.2 
1:10 MUA:ME 
Concentration Sample "max,lnltlal "max,flnal Mmax 
0.29 ~g/mL 1 523.0 523.0 0.0 
2 553.0 557.0 4.0 
3 542.0 541 .0 -1 .0 
Average 1.0 
Std. Dev. 2.6 
0.029 ~g/mL 1 552.0 551 .0 -1 .0 
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2 544.1 542.1 -2.0 
3 541.1 537.1 -4.0 
Average -2.3 
Std. Dev. 1.5 
ME Only 
Concentration Sample Amax,lnltial Amax,flnal Mmax 
0.29 fl9/mL 1 531.0 533.0 2.0 
2 530.0 527.0 -3.0 
Average -0.5 
Std. Dev. 3.5 
0.029 J.19/mL 1 520.6 520.6 0 
2 520.7 519.3 -1.4 
Average -0.7 
Std. Dev. 1.0 
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insignificant. Figure 3.10 shows that ~Amax and ~AI Ainitial were not significant or 
decreased for the pure MUA, 10% MUA, and ME samples at both concentrations. The 
decrease in ~AI Ainitial in some cases is due to loss of Au from the slide during soaking in 
anti-IgG. In contrast, the 5 mM place-exchange samples showed a significant positive 
~Amax of 5-6 nm and a ~Ainitial greater than 0.10 (10%) at both concentrations. The 6 
mM MUA exchange samples showed an even larger ~Amax of 9-10 nm for the 0.29 
llg/mL concentration (no data at 0.029 Ilg/mL), consistent with the AFM images showing 
more anti-IgG on the edges (Figure 3.4G and 3.4H). The ~AlAinitiai was not consistent 
with this at 6 mM likely because of the unpredictable amount of Au lost from the surface 
during soaking that competes with the absorbance increase due to anti-IgG binding. 
Regardless, these results clearly indicate that the place-exchange method leads to Au 
nanostructures significantly more sensitive to anti-IgG binding. 
Since the Au nanoplates occupy only ~33% of the surface, the spherical nanoparticles 
dominate the visible spectrum, especially at 530-550 nm. We believe the AFM images of 
Au nanoplates can still explain the optical results, because they likely reflect the coverage 
and location of anti-IgG on the spherical particles as well, which are known to have 
well-defined geometries with edge and vertex sites. The edge sites are likely more 
sensitive for all nanoparticle shapes. We also note that the place-exchange samples often 
exhibited a positive baseline shift upon binding of anti-IgG for some of the samples 
(Figure 3.9F and Figure 3.16-3.18), showing that the absorbance increased in spectral 
regions outside the LSPR band. This baseline shift is a real effect of anti-IgG binding 
and not a baseline correction issue. All samples were referenced versus bare glass. In the 
16 samples that were not sensitive to anti-IgG (pure MUA, 10% MUA, and ME), the 
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baseline did not increase significantly while 8 out of the 9 place-exchange samples did 
increase, showing that it is a real effect of anti-IgG binding for those samples. 
Figures 3.11 to 3.18 show all of the visible spectra obtained in this study using the 
various anti-IgG attachment strategies and the control of pure ME. We focused on the 
spectral changes for the major LSPR response between 530 - 560 nm. We observed 
wavelength increases, absorbance increases, and sometimes positive baseline shifts for 
the place-exchange samples, which we believe is a real effect of anti-IgG binding to edge 
sites for those samples. We note that others often report a positive baseline shift upon 
analyte binding using LSPR.95 In comparison, very little changes in wavelength or 
absorbance occurred for the other samples. If anything, the absorbance decreased slightly 
due to loss of some Au from the sample or the wavelength shifted negative for unknown 
reasons. There were sometimes small baseline, absorbance, or wavelength shifts at 
higher wavelengths, which are not clear at this time, but could be due to different shaped 
nanostructures on the surface. We focused on the major surface plasmon band at 530-
560 nm, which mainly reflects changes occurring on spherical Au nanoparticles. 
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Figure 3.11. Visible spectra of three 
different samples of Au nanostructures 
functionalized with anti-IgG using the 
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Figure 3.12. Visible spectra of three 
different samples of Au nanostructures 
functionalized with anti-IgG using the 
pure MUA method and 0.29 llg/mL 
anti-IgG. 
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Figure 3.13. Visible spectra of three 
different samples of Au nanostructures 
functionalized with anti-IgG using the 
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Figure 3.14. Visible spectra of three 
different samples of Au nanostruc~es 
functionalized with ~ti-IgG using the 
10% MUA method and 0.29 llg/mL anti-
IgG. 
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Figure 3.15. Visible spectra of two 
different samples of Au nanostructures 
functionalized with pure ME and 
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Figure 3.16. Visible spectra of two 
different samples of Au 
nanostructures functionalized with 
pure ME and exposed to 0.29 )lg/mL 
anti-IgG. 
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Figure 3.17. Visible spectra of three 
different samples of Au nanostructures 
functionalized with anti-IgG using the 
place-exchange method (5 mM MUA) 
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Figure 3.18. Visible spectra of three 
different samples of Au nanostructures 
functionalized with anti-IgG usmg the 
place-exchange method (5 mM MUA) and 
0.29 llg/mL anti-IgG. 
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Figure 3.19. Visible spectra of three 
different samples of Au nanostructures 
functionalized with anti-IgG using the 
place-exchange method (6 mM MUA) 
and 0.29 ~glmL anti-IgG. 
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Optical Detection of IgG 
Figure 3.20 shows the visible spectrum of Au nanostructures grown on glass before 
and after human anti-IgG attachment using the place-exchange method with 5 mM MUA 
and 0.29 Jlg/mL anti-IgG and also after exposure to 0.1 ng/mL human IgG solution for 24 
h. The ~Amax and ~AlAinitial are 8 nm and 11.0%, respectively, after anti-IgG attachment, 
consistent with other samples reported here. After human IgG exposure, ~Amax is 
negative, but the ~Ainitial changed by about 9.7%, which is significant. The change 
ranged from 6 - 10% for four samples. We do not fully understand the positive baseline 
shift, but note that it is a real effect of IgG binding based on the fact that no absorbance or 
baseline change occurred for human IgG exposure to samples functionalized with anti-
IgG by the pure MUA and 10% MUA strategies or for the place-exchange samples 
exposed to non-specific goat IgG. Others also report positive baseline shifts in LSPR 
biosensing.95 The 0.1 ng/mL concentration corresponds to ~7 pM, which is among the 
lowest detection limits reported for LSPR sensing. In comparison, samples 
functionalized with anti-IgG using the pure MUA and 10% MUA with a much higher 
coverage (2.9 Jlg/mL anti-IgG) did not show a response to IgG until ~50 ng/mL, which is 
500 times larger. Since the optical response is mainly from the spherical nanopartic1es, 
we believe we can achieve much lower detection limits by combining the place-exchange 
method with other shaped nanopartic1es that are more sensitive and by changing the 
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Figure 3.20. Visible spectra of Au nanostructures on glass before and after functionalization 
with 0.29 /-!g/mL anti-IgG by the place-exchange method (5 mM) and then after subsequent 
exposure to 0.1 ng/mL IgG solution. ~Amax is 8 nm after exposure to anti-IgG and the 
absorbance increased by about 11.0%. After exposure to IgG, Amax actually decreased by 2 




In summary, we selectively functionalized edge and vertex sites of Au nanostructures 
with anti-IgG, confirming the location of thiol place-exchange on nanoparticle surfaces. 
We also showed experimentally that the LSPR response (~A.max and aAlAinitial) is 
significantly more sensitive to anti-IgG binding on metal nanoparticle edge and vertex 
sites compared to terrace sites. Finally, we used the 5 mM place-exchange anti-IgG (0.29 
Jlg/mL) Au samples to detect IgG down to a concentration of 0.1 ng/mL, or -7 pM (See 
Figure 3.20). This was at least 500 times lower than that detected by the pure MUA or 
10% MUA samples using a 2.9 Jlg/mL anti-IgG concentration and is comparable to the 
lowest detection limits of 100 pM and under 1 pM reported for streptavidin using Au 
nanorodsl6 and triangular Ag nanoparticles,17 respectively. 
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CHAPTER IV 
PURIFICATION OF GOLD NANOPLATES GROWN DIRECTLY ON 
SURFACES FOR ENHANCED LOCALIZED SURFACE PLASMON 
RESONANCE BIOSENSING 
Here we describe the synthesis and purification of Au nanoplates grown 
directly on surfaces by a chemical seed-mediated growth method. The synthesis involves 
the attachment of 3-5 nm diameter Au nanoparticle (NP) seeds onto glass and Si/SiOx 
surfaces and their subsequent growth into larger Au nanostructures by the chemical 
reduction of AuCI4- with ascorbic acid in the presence of cetyltrimethylammonium 
bromide (CTAB). We used two different growth solutions. Growth solution 1 (GSl) led 
to a sample with 74% Au nanospheres and 26% Au nanoplates while growth solution 2 
(GS2), with lower CTAB and higher ascorbic acid concentration, led to 56% nanospheres 
and 44% nanoplates. The average wavelength of maximum extinction (A.max) of the 
localized surface plasmon resonance (LSPR) band of these samples was 549 nm and 627 
nm, respectively. The use of adhesive tape or sonication enables the preferential removal 
of spherical Au nanostructures in both cases, leaving samples with >90% Au nanoplates. 
The average A.max increased to 672 nm (GSl) and 664 nm (GS2) for taped samples and 
780 nm (GS 1) and 720 nm (GS2) for sonicated samples, consistent with a higher purity 
of Au nanoplates on the surface. In all cases, the purified nanoplates vary in size and 
shape, including triangular, circular, or hexagonal structures, leading to broad spectra or 
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the appearance of multiple peaks. We tuned the average "'max of the LSPR band of the Au 
nanoplate samples from 540 nm to 780 nm by varying the sonication time from 0 to 135 
seconds. The change in "'max upon binding of anti-IgG to the edges of the purified 
nanoplates increases with an increasing number of anti-IgG on the edges, is 4-8 times 
larger compared to that of spherical nanoparticies, and is larger for samples purified by 
sonication compared to taping because the former has a larger initial "'max. A sample of 
Au nanoplates purified by taping and functionalized with anti-IgG at the edge sites 
displayed a shift in "'max as large as 45 nm for a 10 pg/mL solution of IgG (<I pM). 
4.1. INTRODUCTION 
The conduction band electrons of metal nanoparticies collectively oscillate upon 
interaction with electromagnetic radiation of an appropriate frequency. These 
oscillations are known as localized surface plasmons and this phenomenon is the basis of 
localized surface plasmon resonance spectroscopy {LSPR).68, 70 For some noble metals, 
especially Au and Ag, the frequency of these collective oscillations matches that of 
visible or near infrared light, leading to a strong absorbance or scattering in that region. 
The particular wavelength of maximum extinction ("'max) is well-known to depend on the 
composition, size, and shape of the nanostructure as well as the refractive index of the 
surrounding environment.68, 70 Accordingly, many researchers have exploited the optical 
properties of metal nanostructures for chemical and biosensing applications. The 
detection of a molecular analyte of interest is possible by functionalizing a metal 
nanostructure with an appropriate receptor, which leads to selective binding of the 
molecular analyte and, if a local change in the refractive index occurs, a shift in "'max of 
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the LSPR band. This strategy has been used previously to detect proteins,57, 94, 95,101,102, 
114, 115 DNA,60, 81, 167 vapor molecules,96 polymers,117 and metal ions.74, 76 The magnitude 
of the shift in Amax depends on the number of bound analyte molecules, their distance 
from the metal nanostructure, the difference between the refractive index of the analyte 
and the global environment, the size of the analyte, the bulk refractive index sensitivity of 
the nanostructure, and the location of the binding analyte. 154 
Our group has been interested in controlling and directly measuring the binding 
location of proteins on metal nanostructures and correlating that with the change in Amax 
in the LSPR spectrum. In chapter III, we described the controlled attachment of human 
anti-IgG to the edge and vertex sites of Au nanostructures.47 In that work, we 
synthesized Au nanostructures directly on surfaces that were -77% Au nanospheres and 
-23% Au nanoplates. The optical data showed that preferential binding of anti-IgG to 
the edge and vertex sites of these nanostructures led to dramatically higher changes in 
Amax compared to random binding on terrace sites. For the first time, we correlated the 
LSPR spectra with atomic force microscopy (AFM) images that confirmed the location of 
binding (edges, vertices, or terraces). The main drawback of this work was that we 
correlated the binding location obtained from AFM images of smooth Au nanoplates with 
LSPR spectra dominated by the 77% Au nanospheres. While we concluded that the 
binding location on the Au nanoplates reflected the binding location on Au nanospheres, 
we still lack a direct correlation between protein binding location and the LSPR spectrum 
on Au nanoplates. Accordingly, our goal in this work was to synthesize samples of 
nearly pure Au nanoplates. 
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Here we describe the seed-mediated synthesis of Au nanoplates directly on glass 
and Si/SiOx surfaces using two different methods with yields ranging from 26-44%, 
where the majority of the surface contains spherical Au nanoparticies. Importantly, we 
report the use of adhesive tape and sonication to selectively remove the spherical 
nanoparticies, resulting in surfaces with >90% Au nanoplates. Our purification strategy 
leads to a higher yield of nanoplates on the surface when compared to other seed-
mediated growth methods directly on surfaces. To demonstrate the significance of our 
synthesis and purification strategy for biosensing, we attached human anti-IgG to the 
edge and vertex sites of the purified Au nanoplates and correlated the change in Amax with 
the binding location and coverage as determined by AFM. Finally, we show that the Amax 
of purified Au nanoplates on glass functionalized with human anti-IgG selectively on 
edge and vertex sites is highly sensitive to <I pM IgG (10 pg/mL). Our simple benchtop 
chemical synthesis, functionalization, and purification method leads to highly sensitive 
devices for optical-based protein detection that may find use in future biomedical 
applications. 
4.2. EXPERIMENTAL 
Chemicals. Citric acid trisodium salt was purchased from Bio-rad laboratories. L-
ascorbic acid (99%), sodium borohydride (98.5%), cetyltrimethyl ammonium bromide 
(CTAB), Il-mercaptoundecanoic acid (MUA), 2-mercaptoethanol (ME), and N-hydroxy 
succinimide (NHS) were purchased from Sigma-Aldrich. I-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) was purchased from Pierce and 95% 
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mercaptopropyltrimethoxy silane (MPTMS) was purchased from Alfa Aesar. Antibody 
anti-human-IgO and human IgO were purchased from Sigma-Aldrich. 
Synthesis of Au Nanostructures Directly on Surfaces. Au nanostructures were 
synthesized, purified, functionalized with anti-IgO for IgO sensing in a similar way as 
reported in chapter II of experimental. 
4.3. RESULTS AND DISCUSSION 
Synthesis of Au Nanoplates Directly on Surfaces. We synthesized Au nanostructures 
directly on glass and Si/SiOx surfaces using a similar seed-mediated growth procedure 
described by our group previously, 160, 162-164, 168 which is based on the solution seed-
mediated synthesis of Au nanorods described by Murphy and co-workers. 158 In our 
procedure, we deposited 4 nm average diameter Au "seed" nanoparticles onto thiol-
functionalized glass or Si/SiOx substrates and then grew these seeds into larger 
nanostructures by electro less reduction of AuCI4- onto the seeds with ascorbic acid in the 
presence of cetyltrimethylammonium bromide (CTAB). Figures 4.1A and 4.1B show 
scanning electron microscopy (SEM) images of Si/SiOx substrates prepared in this way 
using two different growth solutions. We grew the Au nanostructures in Figure 4.1A in 
growth solution 1 (OSI), which contained 9 mL of 0.10 M CTAB, 450 ilL of 0.01 M 
HAuCI4, and 50 ilL of 0.1 M ascorbic acid and grew those in Figure 4.1B in growth 
solution 2 (OS2), which contained 9 mL of 0.016 M CTAB, 450 ilL of 0.01 M HAuCI4, 
and 150 ilL of 0.2 M ascorbic acid. The bright features in the images correspond to 
individual or small aggregates of spherical Au nanoparticles and the darker circular, 
83 
• .'t' . • ~ 
0 0 • A~u' Nfln~PJate ~ . .. 
- ,~ ~ • ... , ' . .. . . 
o • 1 • 
I 
0 • 
• . '0 • 
Au ~anoparijc'le • , :_ , , • . . • ... f , '. ... ' ~ " • • • • \ r • . · .. .. · , • I "2..J!!!i 
~. .. 
• • . , . 
•• . 
o. 












0.06 _ Growth solution 1 




400 500 600 700 800 900 
Wavelength (nm) 
Figure 4.1. Scanning electron microscopy (SEM) images of Au 
nanostructures grown directly on Si/SiOx by A) growth solution 1 and B) 
growth solution 2. C) LSPR spectra of Au nanostructures grown on glass 
with growth solution 1 and 2. 
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hexagonal, or triangular structures are Au nanoplates as indicated in the images. We 
define the Au nanoplates as structures with an aspect ratio greater than 2, with the aspect 
ratio defined as the width of the nanoplate divided by the height. We determined the 
average width, height, and aspect ratio of the nan opiates using AFM or a combination of 
SEM (for width measurement) and AFM (for height measurement). The average width, 
height, and aspect ratio was 203±50 nm, 37±12 nm, and 6.1±2.5, respectively, based on 
AFM images and 163±46 nm, 37±12 nm, and 4.4±1.9, respectively, based on combined 
SEM and AFM images for nanoplates synthesized by GS 1. These values were 214±46 
nm, 31±5 nm, and 7.1±2.l, respectively, based on AFM and 184±43 nm, 31±5 nm, and 
5.9±1.7, respectively, based on AFM and SEM, for nanoplates synthesized by GS2. The 
nanoplates synthesized by GS2 have a higher aspect ratio compared to those synthesized 
by GS 1 and the aspect ratio is smaller in both cases based on the SEM measurements due 
to the smaller average width values, which is likely due to an exaggerated width in the 
AFM images due to the radius of curvature of the AFM tip. Table 4.1 shows all of the 
statistics of the dimensions and aspect ratio of the Au nanoplates. The yield of Au 
nanoplates was 26% and 44% for samples prepared with GS1 and GS2, respectively. 
The amount of AuCI4- was equal in both growth solutions, but the CTAB concentration 
was lower by a factor of -6 and the ascorbic acid concentration was larger by a factor of 
6 in GS2. It is not clear at this time why this particular change in growth solution led to a 
larger yield of Au nanoplates. We previously used GS 1 with a different source of CT AB 
for growing Au nanorods directly on surfaces. 160, 162-164, 168 With this particular CTAB 
source, we found a large yield of Au nanoplates on the surface. Others have recently 
shown that the type of Au nanostructures grown by seed-mediated growth in the presence 
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Table 4.1. AFM and combined AFM and SEM analysis of the average width, height, and 
aspect ratio of Au nanoplates synthesized by growth solutions 1 and 2 before and after 
taping and sonication. 
Growth solution 1 Growth solution 2 
Before After After Before After After 
Taping Sonication Taping Sonication 
SEM SEM SEM SEM SEM SEM 
AFM + AFM + AFM + AFM + AFM + AFM + 
AFM 
AFM 
AFM AFM AFM AFM 
#of 3 3 4 3 3 3 2 3 2 3 2 3 
samples 
# of 46 141 43 73 41 55 16 122 23 97 18 108 
Plates 
Avg 203 163 183 153 269 182 214 184 216 179 202 187 
Length ± 50 ± 46 ± 41 ± 33 ± 54 ±49 ±46 ±43 ±45 ± 34 ± 54 ±48 
Avg 37 37 29 29 28 28 31 31 32 32 27 27 
Height ± 12 ± 12 ±5 ±5 ±6 ±6 ±5 ±5 ± 10 ± 10 ±8 ±8 
Avg 6.1 4.4 6.4 5.3 9.7 6.5 7.1 5.9 7.5 5.6 8.1 6.9 
Aspect ± ± ± ± ± ± ± ± ± ± ± ± 
ratio 2.5 1.9 2.1 1.4 2.6 2.3 2.1 1.7 2.8 2.1 2.7 
2.6 
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of CTAB is sensitive to the source of CTAB (see Experimental for more details).51 
Understanding the role of the CT AB source is an important issue, but not the focus of this 
study. Our focus was to demonstrate a method for purifying the Au nanoplates for 
localized surface plasmon resonance (LSPR) sensing applications. 
Figure 4.1C shows the resulting LSPR spectrum of the Au nanostructures synthesized 
on a glass sample using as 1 and aS2 in the seed-mediated growth method. The spectra 
of the Au nanostructures show an extinction maximum at about 548 nm (black) and at 
631 nm (red) for those prepared using as 1 and aS2, respectively. The maximum of 548 
nm is the expected position of spherical Au nanoparticles,47 which is the dominant 
product (74%) in the synthesis with as!. As the amount of Au nanoplates increased 
relative to the Au spherical nanoparticles using aS2 (56% spheres), the extinction 
maxima red-shifted to 631 nm, which is consistent with the extinction maxima of Au 
nanoplates reported in the literature (600-2000 nm, depending on the dimensions).9, 12 
Purification of Au Nanoplates by Taping. While the percentage of Au nanoplates is 
larger using aS2 compared to as 1, both conditions led to samples with a majority of 
spherical Au nanoparticles. It has been well established that the LSPR extinction maxima 
(Amax) of nanoplates is more sensitive to refractive index changes 109, 169 of the 
environment and to biomolecular binding events 1 09, 169 compared to that of Au 
nanospheres, making it crucial to develop simple benchtop synthesis strategies for 
preparing substrates with a high percentage of Au nanoplates on the surface. Based on 
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Figure 4.2. Atomic Force Microscopy (AFM) images of Au 
nanoplates purified by taping after growth on Si/SiOx using A) 
growth solution 1 and B) growth solution 2. C) and D) are the 
corresponding LSPR spectra of samples grown · on glass by 
growth solution 1 and 2, respectively, before (black spectrum) 
and after (red or blue spectrum) taping. E) and F) show the 
expanded traces obtained after taping in C) and D), respectively. 
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applied Scotch adhesive tape to the surface and slowly removed the tape in order to 
selectively remove the spherical nanoparticles. Figures 4.2A and 4.2B show atomic force 
microscopy (AFM) images of Si/SiOx substrates after the synthesis of Au nanostructures 
using OSI and OS2, respectively, and removal of spherical nanoparticles using the tape 
method. It is clear that the tape removed most of the spherical nanoparticles when 
comparing these images to the SEM images in Figure 4.1A and 4.1B. These samples 
contained 90 ± 11 % and 89 ± 7 % Au nanoplates for those prepared by OS 1 and OS2, 
respectively, based on AFM images of at least 4 regions of 3 samples. The purified 
samples contained mostly Au nanoplates, although there remained a large dispersity in 
the particular size and shape of the nanoplate (triangular, hexagonal, circular, etc.). The 
average height, width, and aspect ratio of the Au nanoplates was 183 ± 41 nm, 29 ± 5 nm, 
and 6.4 ± 2.1 for those synthesized by OSI and 216 ± 45 nm, 32 ± 10 nm, and 7.5 ± 2.8 
for those synthesized by OS2, based on AFM images. These values were 153 ± 33 nm, 
29 ± 5 nm, and 5.3 ± 1.4 for those synthesized by OS 1 and 179 ± 34 nm, 32 ± 10 nm, and 
5.6 ± 2.1 for those synthesized by OS2, based on SEM and AFM images. The average 
aspect ratio was similar for both synthesis methods after taping and similar to the average 
aspect ratio before taping in both cases based on combined SEM and AFM images. 
Figures 4.2C and 4.2D show the LSPR spectra before and after the taping of Au 
nanostructures on glass samples synthesized using OSI and OS2, respectively. In both 
cases, the LSPR spectrum before taping was similar to that shown in Figure 1 C, where 
the extinction maxima were 558 nm and 625 nm for OSI and OS2, respectively. After 
taping, the extinction at all wavelengths decreased and the "'max of the LSPR band red-
shifted for both samples. The "'max shifted from 558 nm to 672 nm and from 625 nm to 
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689 run for the Au nanostructures synthesized with GS 1 and GS2, respectively. Figures 
4.2E and 4.2F show expanded plots of the LSPR spectra after taping. The loss in 
extinction after taping was due to the removal of the spherical Au nanoparticles, and 
likely a few nanoplates. The shift in Amax occurred because the Au nanoplates, which 
now dominate the surface, exhibit a LSPR band between 600 and 2000 run, depending on 
their exact shape, thickness, and edge length. 12 The peaks at 672 run and 689 run are 
consistent with the measured average aspect ratio of the nanoplates. The bands are fairly 
broad in Figures 4.2E and 4.2F, extending from 500 - 900 run, which we believe is 
mainly due to the size and shape dispersity of the nanoplates. The main difference 
between the samples synthesized by GS 1 and GS2 is that the latter had a broader 
spectrum and larger extinction value. The larger extinction value is consistent with the 
larger percentage of nan opiates on the surface prior to taping (44% versus 26%) and the 
broader spectrum is likely due to a larger dispersity in nanoplate size and shape. For 
example, based on SEM and AFM images, the deviation in aspect ratio was 38% for 
those synthesized by GS2 compared to 26% for those synthesized by GS 1 (Table 4.1). 
While the Amax was 67 run more red-shifted for the sample synthesized using GS2 
compared to GS 1 prior to taping, after taping the Amax value was similar (difference of 17 
run), consistent with a high purity of Au nanoplates for both samples. 
Purification of Au Nanoplates by Sonication. We also purified samples of Au 
nanostructures by subjecting the glass or Si/SiOx slides to sonication. Figures 4.3A and 
4.3B show AFM images of Si/SiOx substrates after the synthesis of Au nanostructures 
using GS 1 and GS2, respectively, and removal of spherical nanoparticles by sonication in 
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water. As with the tape method, it is clear that sonication removed most of the spherical 
nanoparticles when comparing these images to the SEM images in Figure 4.1. These 
samples contained 91 ± 9 % and 90 ± 8 % Au nanoplates for those prepared by GS 1 and 
GS2, respectively, based on AFM images of at least 5 regions of 3 samples. The average 
height, width, and aspect ratio of the Au nanoplates was 269 ± 54 nm, 28 ± 6 nm, and 9.7 
± 2.6 for those synthesized by GSI and 202 ± 54 nm, 27 ± 8 nm, and 8.1 ± 2.7 for those 
synthesized by GS2, based on AFM images. These values were 182 ± 49 nm, 28 ± 6 nm, 
and 6.5 ± 2.3 for those synthesized by GS 1 and 187 ± 48 nm, 27 ± 8 nm, and 6.9 ± 2.6 for 
those synthesized by GS2, based on SEM and AFM images. The average aspect ratio 
was slightly larger for the samples synthesized by GS 1 compared to GS2 after sonication 
based on the AFM images, but similar for both methods based on the combined SEM and 
AFMimages. 
Figures 4.3C and 4.3D show the LSPR spectra before and after sonication of Au 
nanostructures on glass samples synthesized using GS 1 and GS2, respectively. In both 
cases, the LSPR spectrum before sonication was again similar to that shown in Figure 
4.1 C and Figure 4.2, where the extinction maxima was 548 nm and 617 nm for GS 1 and 
GS2, respectively. After sonication, the extinction at all wavelengths decreased and the 
Amax of the LSPR band red-shifted to 789 nm and 717 nm for the Au nanostructures 
synthesized with GS 1 and GS2, respectively, consistent with their measured average 
aspect ratios. Figures 4.3E and 4.3F show expanded plots of the LSPR spectra after 
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Figure 4.3. Atomic Force Microscopy (AFM) images of Au nanoplates 
purified by sonication after growth on Si/SiOx using A) growth solution 1 
and B) growth solution 2. C) and D) are the corresponding LSPR spectra of 
samples grown on glass by growth solution 1 and 2, respectively, before 
(black spectrum) and after (red or blue spectrum) sonication. E) and F) show 
the expanded plots after sonication in C) and D), respectively. 
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significantly, indicative of a sample with a high percentage of nanoplates. The bands 
were fairly broad, often displaying multiple peaks due to the size and shape dispersity of 
the nanoplates. The sample shown in Figure 4.3E, for example, displayed a main LSPR 
peak at 789 nm, but there were also two shoulder peaks at about 600 nm and 700 nm. 
The LSPR spectrum ofthe sample shown in Figure 4.3F displayed a main peak at 717 nm 
and two shoulders at 640 nm and at 850 nm that are likely due to other nanoplate 
populations present on the substrate. See Figure 4.4 for examples of other sonicated 
samples with multiple peaks in their LSPR spectrum. 
We synthesized several samples using GS 1 and GS2 and purified them by taping or 
sonication. Table 4.2 shows the average "-max values and standard deviation of the major 
peak from all of the samples prepared (n = 3 to 7 samples). The average "-max followed 
the order ofGSI (549 ± 6 nm) < GS2 (627 ± 13 nm) < GS2 Taped (664 ± 23 nm) ~ GSI 
Taped (672 ± 15 nm) < GS2 Sonicated (720 ± 12 nm) < GSI Sonicated (780 ± 47 nm). 
The taped samples synthesized by GS 1 and GS2 are statistically the same and the "-max is 
less than the sonicated samples. The GS 1 sonicated sample has a slightly larger "-max 
value compared to the GS2 sonicated sample. 
Table 4.2 provides the average extinction at "-max with standard deviation for 
samples synthesized by GS 1 and GS2 and taped or sonicated. As expected and discussed 
earlier, the average extinction of the taped GS2 sample was ~3 times larger compared to 
the taped GSI sample (0.068 ± 0.014 versus 0.027 ± 0.022). This was due to the higher 
percentage of nanoplates on the GS2 sample before taping compared to the GS 1 sample 
(44% versus 26%). In contrast, the extinction value of the GSI sample was larger 
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Figure 4.4. LSPR spectra of Au nanostructures synthesized by seed-mediated 
growth and then sonicated in water for 5 min. The Amax values are more red-
shifted compared to taped samples and the spectra often exhibit multiple peaks, 
which we attribute to different nanoplate populations. 
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Table 4.2. Data table showing the % of nanoplates, average wavelength, average 
extinction and average aspect ratio of Au nanoplates synthesized and purified by the 
different methods. 
Synthesis Strategy 0/0 Au Amax Extinction Aspect Ratio 
Nanoplates (nm) at Amax AFM SEM+ 
Only AFM 
As-Prepared 23 ± 7 549 ±6 0.121 ± 0.025 6.1 ± 2.5 4.4 ± 1.9 
Growth Taped 90 ± 11 672 ± 15 0.027 ± 0.022 6.4 ± 2.1 5.3 ± 1.4 
solution 1 Sonicateda 91 ± 9 780 ± 47 0.024 ± 0.008 9.7± 2.6 6.5 ± 2.3 
As-Prepared 44± 8 627 ± 13 0.134 ± 0.019 7.1 ±2.1 5.9 ± 1.7 
Growth Taped 89± 7 664 ± 23 0.068 ± 0.014 7.5 ± 2.8 5.6 ± 2.1 
solution 2 SonicatedO 90± 8 720 ± 12 0.011 ± 0.005 8.1 ± 2.7 6.9±2.6 
a Sonication time was 5 mmutes. 
b Sonication time was 2-3 minutes. Longer times often led to more significant removal of 
the Au nanostructures. 
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sonication removed many of the Au nanoplates from the surface in addition to the 
spherical particles and that nanoplates synthesized by GS2 were easier to remove 
compared to those synthesized by GS 1, which is not well understood. Tables 4.3 - 4.6 
show the Amax and extinction values of all samples synthesized by GS 1 and GS2 and 
purified by tape or sonication. 
Table 4.2 also shows the average aspect ratio determined by AFM only or the 
combination of SEM and AFM (to measure the average width and height, respectively) of 
samples synthesized and purified by the different methods. The average aspect ratio of 
GSI as prepared, taped and sonicated were 6.1 ± 2.5, 6.4 ± 2.1, and 9.7 ± 2.6 as 
determined by AFM and 4.4 ± 1.9, 5.3 ± 1.4, and 6.5 ± 2.3 as determined by SEM and 
AFM, respectively, whereas the average aspect ratio values of GS2 as prepared, taped 
and sonicated were 7.1 ± 2.1, 7.5 ± 2.8, and 8.1 ± 2.7 as determined by AFM and 5.9 ± 
1.7,5.6 ± 2.1, and 6.9 ± 2.6 as determined by SEM and AFM, respectively. In general, 
the average Amax values in Table 4.2 increase with an increase in the % of nanoplates and 
increase in the average aspect ratio. For example, as-prepared nanoplate samples 
prepared by GS2 have a higher % of nanoplates, higher average aspect ratio, and a larger 
average Amax compared to samples prepared by GS 1. Taped samples have a larger % of 
nanoplates, a larger or similar aspect ratio, and a larger average Amax compared to the as-
prepared samples. Finally, sonicated samples have a larger average aspect ratio and 
larger average Amax compared to taped samples. 
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Table 4.3. The wavelength of maximum extinction (A..max) and extinction of Au 
nanostructures synthesized by growth solution 1 before and after purification by tape. 
Growth solution 1 
Sample Before taping After taping 
Peak 1 Peak 2 
"max Ext "max Ext "max Ext 
1 548 0.139 672 0.020 888 0.016 
2 541 0.128 678 0.016 778 0.015 
3 558 0.096 647 0.064 
4 550 0.083 674 0.009 
5 554 0.139 694 0.009 
6 543 0.140 668 0.045 
7 
Avg 549 0.121 672 0.027 833 0.016 
Std. Dev. 6 0.025 15 0.022 77 0.001 
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Table 4.4. The wavelength of maximum extinction (Amax) and extinction of Au 
nanostructures synthesized by growth solution 1 before and after purification by 
sonication. 
Growth solution 1 
Sample Before sonication After sonication 
Peak 1 Peak 2 
"max Ext "max Ext "max Ext 
1 548 0.114 789 0.035 
2 570 0.154 858 0.035 
3 542 0.113 739 0.020 
4 551 0.112 792 0.013 882 0.012 
5 539 0.142 725 0.023 
6 543 0.129 814 0.026 
7 547 0.116 746 0.017 880 0.016 
Avg 548 0.126 780 0.024 881 0.014 
Std.Oev. 10 0.017 47 0.008 1 0.003 
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Table 4.5. The wavelength of maximum extinction (Amax) and extinction of Au 
nanostructures synthesized by growth solution 2 before and after purification by tape. 
Growth solution 2 
Sample Before taping After taping 
Peak 1 Peak 2 
"max Ext "max Ext "max Ext 
1 615 0.155 643 0.082 
2 625 0.119 689 0.054 
3 641 0.128 660 0.068 
Avg 627 0.134 664 0.068 
Std.Oev. 13 0.019 23 0.014 
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Table 4.6. The wavelength of maximum extinction (Arnax) and extinction of Au 
nanostructures synthesized by growth solution 2 before and after purification by 
sonication. 
Growth solution 2 
Sample Before sonication After sonication 
Peak 1 Peak 2 
Amax Ext Amax Ext Amax Ext 
1 607 0.168 701 0.018 
2 620 0.149 717 0.012 
3 627 0.157 722 0.012 
4 637 0.110 739 0.011 
5 643 0.131 722 0.012 
6 635 0.129 722 0.003 840 0.003 
Avg 628 0.141 720 0.011 
Std. Dev. 13 0.021 12 0.005 
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Tuning the LSPR Extinction Maxima of Au Nanoplates with Sonication Time. We 
obtained the LSPR spectra in Figure 4.3 after sonicating the samples synthesized by OS 1 
and OS2 for 5 min and 2 min, respectively. In order to better understand the details of 
the removal of the spherical nanoparticles, we monitored the LSPR spectra as a function 
of sonication time. Figures 4.5A and 4.5B show the LSPR spectra of Au nanostructures 
synthesized on glass using OSI and OS2, respectively, before and after sonication for 
various times ranging from 0 to 135 sand 0 to 25s. The nanostructures synthesized with 
OS 1 (Figure 4.5A) had an initial LSPR Amax of 539 nm at 0 s, which increased with 
increasing sonication time until a final value of 728 nm after 135 s. We normalized the 
extinction values to the initial extinction value at 0 s in Figures 4.5A and 4.5B in order to 
clearly show the shift in Amax and details of the LSPR peak with sonication time. The 
extinction actually decreased by a factor of7-8 following sonication after the 135 s due to 
the loss of Au nanospheres and some nanoplates from the surface. Figure 4B shows the 
results of a similar experiment performed on Au nanostructures synthesized on glass with 
OS2. In this case, Amax was 648 nm at 0 s and gradually shifted to 704 nm after 15 sand 
723 nm after 25 s of sonication. Note that while the major peak of the final spectrum was 
723 nm, there was a second large peak around 780 nm and even a third peak near 900 
nm. We used shorter sonication times for Au nanostructures synthesized by OS2 because 
in many cases, a longer sonication time removed all of the Au from the surfaces as 
mentioned earlier. Figures 4.5C and 4.5D show plots of Amax (left axis) and extinction 
(right axis) as a function of sonication time for Au nanostructures synthesized on glass 
using OS 1 and OS2, respectively. The general trend consistently showed an increase in 
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Figure 4.5. Normalized LSPR spectra of Au nanostructures synthesized by A) growth solution 1 
and B) growth solution 2 before and after sonication for the indicated times. All spectra were 
normalized to the absorbance of the spectrum at 0 s. The inset shows a zoom-in ofthe major LSPR 
bands with time and the "-max values. Plots of wavelength of maximum extinction ("-max) on the left 
y-axis (red) and extinction at "-max on the right y-axis (black) as a function of sonication time for Au 
nanostructures synthesized by C) growth solution 1 and D) growth solution 2. The black and red 
lines were hand drawn as a guide to show the general trends. 
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although the exact values with time have variability. The extinction decreased with 
sonication time due to the removal of spherical nanoparticles and some Au nanoplates 
from the surface. The increase in Amax was due to a higher population of nanoplates on 
the surface. Previous results showed that Amax increases for Au nanoplates as the aspect 
ratio increases. 12 Considering this fact, our results suggest that with increasing sonication 
time, the average aspect ratio of the Au nanoplates remaining on the surface increased. 
In order to determine if the average aspect ratio of the Au nanoplates increased 
with increasing sonication time, we obtained AFM images of the Au nanoplates at 
different sonication times. Figure 4.6 shows AFM images of Au nanostructures 
synthesized on a glass surface using GS 1 before sonication (Frame A), after sonication 
for 15 s (Frame B), and after sonication for 55 s (Frame C). As shown in Figure 4.1, the 
surface initially contained a large population of spherical nanoparticles before sonication 
in Figure 4.6A. An analysis of the aspect ratio of at least 15 different Au nanoplates 
showed an average of 5.9 ± 2.4. The initial Amax of this sample was 540 nm. The average 
aspect ratio and Amax were 5.8 ± 2.4 and 656 nm, respectively, after 15 s of sonication 
(Frame B). Since the average aspect ratio did not change significantly, the red-shift in 
Amax was due to the higher percentage of Au nanoplates upon removal of the spherical 
nanoparticles as opposed to a change in the average aspect ratio of the Au nanoplates. 
The average aspect ratio and Amax was 10.2 ± 2.8 and 734 nm, respectively, after 55 s of 
sonication (Frame C). In this case, the red-shift in Amax was due to further purification of 
the Au nanoplates, but also due to the increase in the average aspect ratio of the Au 
nanoplates that remained on the surface. 12 The AFM determined average aspect ratio 
(see Table 4.7) and corresponding Amax are close to the calculated extinction spectra 
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Figure 4.6. AFM images of Au nanostructures synthesized by growth solution 1 before 
sonication (A) and after sonication for 15 s (B) and 55 s (C). The images show the width of the 
major axis of one nanoplate and the inset shows the height analysis of the same nanoplate along 
with the calculated aspect ratio of that nanoplate. The aspect ratio of the nanoplate shown is close 
to the average aspect ratio of the sample based on measurements from at least 15 nanoplates as 
also shown in the inset. The aspect ratio is the width of the major axis divided by the nanoplate 
height. 
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Table 4.7. AFM analysis of the aspect ratio of Au nanostructures synthesized by growth 
solution 1 before and after sonication for various times. 
Growth solution 1 
Sample 1 2 3 
Sonication 
time (sees) 
0 15 55 0 15 55 0 20 55 105 
Average 5.9 5.8 10.2 5.6 6.1 9.3 6.9 5.8 9.1 9.6 
Aspect ± ± ± ± ± ± ± ± ± ± 
ratio 2.4 2.4 2.8 2.0 2.6 2.0 3.0 2.5 2.6 2.9 
207 205 277 192 191 287 214 210 247 246 
Average ±40 ±43 ±47 ± 39 ± 75 ± 57 ± 70 ±43 ± 71 ± 54 
length 
Average 39 38 28 38 32 31 33 42 27 27 
height ±14 ±9 ±6 ± 13 ±7 ±6 ±8 ± 16 ±5 ±6 
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reported by Tominaga and co-workers2 and the experimental results reported by Yun and 
co-workers. 12 Based on the AFM and LSPR data, we conclude that sonication removes 
spherical nanoparticles first followed by low aspect ratio nanoplates that are relatively 
smaller in width and larger in height. Wider and thinner plates ultimately survive the 
sonication and remain on the surface. These nanoplates have a larger aspect ratio with 
A.max values at longer wavelengths. We believe that the high aspect ratio Au nanoplates 
adhere best to the surface because they have a larger contact area with the surface 
compared to low aspect ratio nanoplates or spherical nanoparticles (aspect ratio - I). At 
this point, we do not have any evidence that the sonication procedure directly alters the 
size and shape of the nanoplates, although this is a possibility due to the heat generated.3o 
LSPR Response of Au Nanoplates to Anti-IgG Binding. We used our previously 
published method to attach anti-IgG selectively to the edge sites of the Au nanoplates 
synthesized using GSI and GS2 and purified by taping and sonication.47 With this 
procedure, we attached human anti-IgG from a 0.26 Jlg/mL solution onto the Au 
nanoplates by an amide coupling reaction to the carboxylic acid groups of 
mercaptoundecanoic acid (MUA), which was place-exchanged from a 5 mM or 6 mM 
solution onto Au nanoplates functionalized first with mercaptoethanol (ME) (see 
Experimental for full details).47 We measured the collective LSPR spectrum of the Au 
nanoplates from the same exact location on carefully-marked glass substrates before and 
after attachment of anti-IgG. Figure 4.7 shows the LSPR spectra of glass samples 
containing Au nanoplates synthesized by GS 1 and purified by the tape procedure (Frame 
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Figure 4.7. LSPR spectra of Au nanoplates synthesized by growth 
solution 1 and purified by (A, B) taping and (C, D) sonication before 
(black) and after (red) functionalization with 0.26 /-lg/rnL human anti-IgG 
using (A, C) 5 mM and (B, D) 6 mM place-exchanged MUA. AFM 
images of Au nanoplates purified by taping and functionalized with 0.26 
/-lg/rnL human anti-IgG using E) 5 mM and F) 6 mM place-exchanged 
MUA. 
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functionalization using a 5 mM (Frame A and Frame C) and 6 mM (Frame B and Frame 
D) place-exchanged MUA linker. We previously showed that attachment of anti-IgG to 
MUA that was place-exchanged from a 5 mM and a 6 mM solution led to a greater 
amount of anti-IgG on the edge sites for the latter.47 The LSPR spectra of nanoplates 
purified by taping in Figures 4.7A and 4.7B show a shift in Amax of22 nm and 35 nm for 
attachment of anti-IgG to 5 mM and 6 mM exchanged MUA, respectively, while those of 
nanoplates purified by sonication in Figures 4.7C and 4.7D show a shift in Amax of 42 nm 
and 47-68 nm for attachment of anti-IgG to 5 mM and 6 mM exchanged MUA, 
respectively. In three of the four cases the extinction also increased, but we showed 
previously that this is less reproducible than the shift in Amax.47 In both cases, the larger 
shift for the 6 mM MUA samples shows that more anti-IgG attached to the edges of the 
nanoplates compared to the 5 mM samples. The sonicated samples showed a larger shift 
in Amax upon anti-IgG binding compared to taped samples due to the larger initial Amax 
value for these nanostructures, as it has been shown that the sensitivity to a refractive 
index change in the environment increases with increasing initial Amax.109, 148, 149, 170 This 
is also evident from the fact that peak 2 in Figure 4.7D was more sensitive to anti-IgG 
binding compared to peak 1 in the same spectrum. Control experiments with pure ME 
treated samples showed ~Amax of only 1 nm (see Figure 4.8) when treated with anti-IgG. 
We repeated this important control experiment several times with similar results, which 
confirms that 1) human anti-IgG covalently binds to the MUA linker and 2) that we were 
successful at monitoring the same location of the sample before and after 
functionalization. Figure 4.7E and 4.7F shows AFM images of two Au nanoplates 
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Figure 4.8. LSPR spectra of a taped sample of Au nanoplates functionalized 
with mercaptoethanol (ME) and exposed to 0.26 llg/mL human anti-IgG. The 
small shift in Amax indicates little or no anti-IgG binding on the surface and the 
nearly identical LSPR spectrum before and after anti-IgG exposure confmns 
that we were able to successfully obtain the spectrum in the same region of the 
sample before and after anti-IgG exposure. 
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anti-IgG by coupling to 5 mM and 6 mM place-exchanged MUA, respectively. The 
darkest regions correspond to the underlying Si/SiOx substrate, the intermediate shade 
correspond to the triangular or circular Au nanoplates, and the bright regions on top of 
the nanoplates correspond to the anti-IgG. The very big bright spot in Figure 4.7F is a 
large spherical nanopartic1e that was not removed during taping. The AFM images 
confirm that anti-IgG attached preferentially to the edges of the Au nanoplates and that 
the coverage increased with increasing MUA concentration as shown previously for non-
purified nanoplate samples.47 The AFM is consistent with the fact that the Amax shift was 
largest for the anti-IgG attached to 6 mM place-exchanged MUA. 
Table 4.8 shows the average initial Amax (Amax,init) and shift in Amax (~Amax) of the Au 
nanostructures synthesized by GSI and GS2 before (as-prepared) and after purification 
by tape and sonication for the nanostructures synthesized by GS 1. For nanostructures 
synthesized by GSI and functionalized with human anti-IgG through 5 mM place-
exchanged MUA, the L1Amax increased in the order of as-prepared (6 ± 3 nm) < taped (23 
± 1 nm) < sonicated (49 ± 13 nm). Based on the data in Tables 4.2 and 4.8, the ~Amax 
increases with increasing percentage of Au nanoplates and increasing initial Amax,init of the 
nanoplates. The as-prepared sample had 26% Au nanoplates on the sample and the 
lowest Amax,init (547 nm) while the sonicated sample had ~90% Au nanoplates and largest 
Amax,init of 766 nm. The L1Amax also increased with increasing percentage of Au nanoplates 
and Amax,init for samples functionalized by human anti-IgG through 6 mM place-
exchanged MUA. The L1Amax was about 50% larger when compared to the 5 mM place-
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Table 4.8. Initial Amax (Amax,init) and response to human anti-IgG binding of the Au 
nanoplate samples synthesized, purified, and functionalized by different methods. 
5mMMUA 6mMMUA 
Synthesis Strategy Amax,init AAmax Amax,init AAmax 
(nm) (nm) (nm) (nm) 
Growth As-Prepared 547 ± 12 6±3 545 ±4 9±1 
Solution 1 Taped 644 ± 52 23 ± 1 675 ± 54 32 ±3 
Sonicated 766 ± 70 49± 13 704± 8 53 ±4 
Growth As-Prepared 624±9 16 ± 2 642 ± 36 22 ±3 
Solution 2 
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exchanged samples in all cases except for those synthesized by OS 1 and sonicated. The 
general increase in L\Amax for the 6 mM samples occurred because of the larger number of 
anti-IgO on the nanoplate surface as determined by AFM. The smaller difference 
between 6 mM and 5 mM in the case of the sonicated samples synthesized by OS 1 could 
be due to the larger Amax,init for the 5 mM samples (by 62 nm), which makes those 
nanoplates more sensitive to refractive index changes. The magnitude of L\Amax for the 
as-prepared OS2 samples lies between the as-prepared OS 1 samples and taped OS 1 
samples, consistent with the percentage of Au nanoplates and Amax,init for this sample 
shown in Tables 4.2 and 4.6. Importantly, our results show that samples of purified 
nanoplates, by sonication or taping, exhibit a significantly larger LSPR response to 
protein binding compared to the as-prepared samples containing mostly spherical 
nanoparticies. 
Sensing IgG. 
We performed a preliminary test on the use of surface-attached Au nanoplates 
synthesized by OSI, purified by tape, and functionalized with human anti-IgO for the 
detection of human IgO. Figure 4.9 shows the LSPR spectra of the Au nanoplates before 
(black spectrum) and after (red spectrum) edge-functionalization with human anti-IgO 
using 6 mM place-exchanged MUA as the linker. Attachment of anti-IgO led to a shift 
from 624 nm to 657 nm (L\Amax = 33 nm) and 763 nm to 800 nm (L\Amax = 37 nm) for the 
first and second LSPR peaks, respectively. These shifts are consistent with those 
observed for other taped samples synthesized by OSI as shown in Figure 4.7 and Table 
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Figure 4.9. LSPR spectra showing a glass sample coated with tape purified Au 
nanostructures synthesized by growth solution 1 before functionalization with human anti-
IgG (black), after functionalization with human anti-IgG using 6 mM place-exchanged 
MUA (red), and after exposure to 10 pglmL human IgG (green). 
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run to 662 run (~Amax = 7 run) and 800 run to 845 run (~Amax = 45 run) for the first and 
second LSPR peaks (green spectrum), respectively. Interestingly, the extinction value 
increased dramatically for the first peak and slightly decreased for the second peak while 
the second peak exhibited a much larger shift in Amax. These two different populations of 
Au nanoplates on the same sample (peak 1 and 2) showed similar results upon anti-IgG 
binding, but drastically different responses to IgG. The reason is not clear at this time. 
This interesting phenomenon can only be elucidated by correlating LSPR spectroscopy 
data with AFM imaging of the protein binding location at the single nanoplate level. This 
is an exciting topic that we will explore in the future. Importantly, this sample exhibited 
a much larger ~Amax in response to a ten times lower IgG concentration (10 pg/mL or < 1 
pM) compared to our previous work on samples containing a majority of Au 
nanospheres.47 This is among the lowest concentration detected by LSPR for proteins to 
date. 171 The detailed aspects of human IgG sensing with purified Au nanoplates, 
including kinetics, sensitivity, and limit of detection will be described separately. 
Refractive Index Sensitivity. 
We performed refractive index sensitivity studies on a non-purified sample 
synthesized by GSI (containing mostly spherical nanoparticles) and on three samples 
synthesized by GS 1 and purified by sonication. Figure 4.10 shows the LSPR spectra 
obtained in air, water, 2-propanol, toluene and then back in air. The Amax of the LSPR 
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Figure 4.10. LSPR spectra of samples synthesized by GSI and (A) not purified or (B-D) 
purified by sonication. We exposed the sample to solvents of increased refractive index 
following the order air, water, 2-propanol, toluene and back in air, respectively. 
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spectrum in air before exposure to the solvents matches the spectrum after exposure to 
the different solvents, indicating that the nanoplate samples were stable and the spectra 
were from the same region of the glass sample. Importantly, we found that the extinction 
intensity increased in some cases as we also observed for anti-IgG or IgG binding to the 
Au nanoplates. Figure 4.11 shows plots of the change in Amax as a function of the RI of 
the solvent. From the slope, the RI sensitivity was 89 nmlRIU for the non-purified 
sample with a Amax of 539 nm and 195 and 302 nmlRIU for the purified nanoplate 
samples with a A.~ax of 677 and 828 nm, respectively. As expected, the RI sensitivity 
increased as the initial Amax of the LSPR band increased. In addition, toluene has a RI 
closest to that expected for proteins such as anti-IgG, therefore the 90-150 nm shift, 
depending on the Amax, represents the upper limit of the Amax shift for a full coverage of 
anti-IgG on the nanoplate surface. The fact that we observe shifts of 50 nm in some cases 
for anti-IgG bound to nanoplate edge sites, which is one-third to one-half of the 
maximum signal, shows that the edge sites are highly sensitive since the nanoplate 
surface is not nearly one-third or one-half covered by the anti-IgG based on the AFM 
Images. 
4.4. CONCLUSIONS 
We demonstrated the seed-mediated synthesis of Au nanoplates directly on surfaces 
using two different growth solutions and selectively removed Au nanospheres by tape or 
sonication to form samples with -90% Au nanoplates. We believe that the smooth, flat 
morphology of the Au nanoplates provides a larger contact area with the surface that 
allows them to adhere more strongly compared to Au spheres. The different synthesis 
and purification strategies led to different Amax values for the Au nanoplate samples, 
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Figure 4.11. Plot of refractive index vs wavelength shift 
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indicated. 
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ranging from 549 nm up to 780 nm, and the LSPR "'max could be tuned by altering the 
sonication time. The "'max value increases with increasing purity of the nanoplates and 
increasing aspect ratio of the plates that remain on the surface. The "'max of purified 
nanoplates from the LSPR spectrum after edge-functionalization with human anti-IgG 
shifted by 22 nm up to 68 nm, which is 4-8 times larger compared to samples dominated 
by Au nanospheres, depending on the amount of anti-IgG attached and the purification 
strategy. Au nanoplates synthesized by GSI and sonicated for 5 minutes had the largest 
initial "'max and largest shift upon anti-IgG binding. In addition, a tape purified Au 
nanoplate sample edge-functionalized with anti-IgG detected 10 pg/mL of IgG with a 
large 45 nm shift for the largest "'max LSPR band. This shows that these purified Au 
nanoplates have great promise for use in highly sensitive protein detection. This work is 
important because our synthesis and purification strategy involves simple benchtop 
procedures that do not require high vacuum evaporation or sputtering, lithography, or 
other complex or expensive methods. Because the growth is directly on surfaces, we 
eliminate the need for assembling Au nanoplates onto a surface from solution. The 
protein functionalization strategy importantly shows that the LSPR spectrum of Au 
nanoplates is highly sensitive to the binding of just a few protein molecules on the edge, 
which may also be useful for monitoring molecular binding to metal nanostructure edge 
sites by surface:.enhanced Raman spectroscopy (SERS). 
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CHAPTER V 
THE EFFECT OF PROTEIN BINDING LOCATION AND DISTANCE ON THE 
LOCALIZED SURFACE PLASMON RESONANCE RESPONSE OF PURIFIED 
AU NANOPLATES GROWN DIRECTLY ON SURFACES 
Here we report the effect of protein binding location and binding distance on the 
localized surface plasmon resonance (LSPR) response of purified Au nanoplates grown 
directly on surfaces. The response to binding of anti-IgG on the nanoplate surface 
depends strongly on both variables. We experimentally controlled the binding location 
between nanoplate terrace and edge sites by the method of anti-IgG attachment and the 
binding distance by altering the chain length of the linker that the anti-IgG binds to. The 
LSPR response to anti-IgG binding increases with increasing initial Amax and depends 
dramatically on the anti-IgG binding location, which we control experimentally. The 
average change in Amax (~Amax) for binding to terraces at medium coverage, edge sites at 
low coverage and edge sites at medium coverage using pure MUA, 5 mM and 6 mM 
place-exchange MUA are 21 ± 5 nm, 49 ± 13 nm and 53 ± 4 nm on samples purified by 
sonication, 12 ± 1 nm, 23 ± 1 nm and 32 ± 3 nm on samples purified by adhesive tape, 
and 1 ± 1 nm, 6 ± 3 nm and 9 ± 1 nm on non purified samples. Atomic force microscopy 
(AFM) images reveal the binding location ofanti-IgG and, when correlated to the UV-vis 
spectroscopy of the nanoplates, confirms that the edge sites are more sensitive to protein 
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binding. This leads to the estimated detection of only a few anti-IgG molecules on one 
nanoplate due to a high localized electric field enhancement and small effective sensing 
volume at the edge sites. The LSPR response increases as the chain length of the linker 
decreases. The LSPR shift increases in the order of mer cap to propionic acid (MPA) > 11-
mercaptoundecanoicacid (MUA > 16-mercaptohexadecanoicacid (MHDA) as linkers for 
anti-IgG. The average changes in Amax (~Amax) for 5 mM MPA, MUA and MHDA are 47 
± 2 nm, 49 ± 13 nm and 33 ± 2 nm on sonicated samples and 33 ± 1 nm, 23 ± 1 nm and 
20 ± 1 nm for taped samples and 7 ± 1 nm, 6 ± 3 nm and 3 ± 0 nm for non-purified 
samples while those for 6 mM exchange are 61 ± 5 nm, 53 ± 4 nm and 42 ± 3 nm for 
sonicated samples and 39 ± 3 nm 32 ± 3 nm, 25 ± 1 nm for taped samples and 12 ± 2 nm, 
9 ± 1 nm and 6 ± 1 nm for non-purified samples. We further compare the IgG response 
on the purified nanoplates where sample with edge-attached anti-IgG showed a shifts of9 
nm for 0.01 ng/mL as opposed to those with terrace bound anti-IgG which showed shifts 
of 7 nm for 1 ng/mL. This work is important for understanding and optimizing the LSPR 
response to protein binding for bioanalytical applications. 
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5.1. INTRODUCTION. 
The following equation describes the change in the wavelength of maximum 
extinction (~Amax) when a molecule binds to the nanostructure:138 
~Amax = [3*So * exp(-2r/ld)Ns][~RI*N*V A] (5.1) 
where Vs is the sensing volume.138 ~RI is the refractive index (RI) difference between 
the medium and the binding molecule, N is the number of molecules bound, V A is the 
volume of one individual analyte molecule, So is the bulk sensitivity and ld is the decay 
length of Plasmon. ~Amax decreases exponentially as r increases due to the exponential 
decrease in the electromagnetic field enhancement with distance from the nanoparticle 
surface. 
We previously showed the controlled binding of anti-IgG to the edge and vertex 
sites of spherical Au nanoparticles and Au nanoplates synthesized directly on glass and 
Si/SiOx surfaces. Atomic force microscopy (AFM) confirmed that anti-IgG preferentially 
attached to edge and vertex sites of Au nanoplates using place-exchanged self-assembled 
monolayers (SAMs) as linkers. LSPR spectra showed that these samples exhibited 
significantly larger ~Amax and larger absorbance increases compared to samples with anti-
IgG randomly bound to the flat terrace regions. This was true even when the coverage of 
anti-IgG was much lower on the former. One problem in our previous work was that we 
obtained AFM images from individual Au nanoplates to determine binding location, but 
monitored the collective optical properties of the entire sample, which was dominated by 
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spherical Au nanoparticles. The AFM data therefore did not directly correlate with the 
UV -vis spectroscopy data. In this chapter, we describe the LSPR response as a function 
of protein binding location and distance on purified Au nanoplates samples with> 90% 
nanoplates. This allowed us to directly correlate the collective optical properties of 
purified Au nanoplates with AFM images showing the binding location of anti-IgG on 
the Au nanoplates. We also report the effect of binding distance by exchanging with 
SAMs of different carbon chain lengths and noticed that the LSPR response is more 
pronounced when proteins are bound close to the surface than farther away from the 
surface. This work is important as it will impact the use of metal nanostructures for 
LSPR- and SERS-based chemical and biochemical sensing. 
5.2. EXPERIMENTAL 
Chemicals 
Citric acid trisodium salt was purchased from Bio-rad laboratories. L-ascorbic acid 
(99%), sodiumborohydride (98.5%), cetyl trimethyl ammonium bromide (CTAB), 11-
mercaptoundecanoic acid (MUA), 2-mercapto ethanol (ME), N-hydroxy succinimide 
(NHS) were purchased from Sigma-Aldrich. l-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) was purchased from Pierce and Mercapto propyl trimethoxy silane, 
95% (MPTMS) was purchased from Alfa Aesar. Antibody anti-human-IgG and antigen 
human-IgG were purchased from Sigma-Aldrich. 
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Synthesis of Au Nanostructures Directly on Surfaces. We synthesized Au 
nanostructures on glass and Si/SiOx surfaces, purified, functionalized with anti-IgG for 
IgG detection in a similar way as discussed in Chapter II. 
5.3. RESULTS AND DISCUSSION 
Effect of Binding Location on LSPR Response. We functionalized the purified Au 
nanoplates with antihuman-IgG by two methods as described previously.47 Figure 5.1 
shows an AFM image of a sample purified by adhesive tape after synthesis by GS 1 and 
the inset shows a zoom-in of a typical nanoplate (Frame A) and anti-IgG immobilization 
using pure MUA (Frame B), 5 mM MUA place-exchange (Frame C) and 6 mM MUA 
place-exchange (Frame D). The AFM shows selective attachment of anti-IgG to the 
edges when exchanged with 5 or 6 mM MUA where as pure MUA method has anti-IgG 
immobilized randomly on the terraces. 
Figure 5.2 shows the LSPR spectra of glass samples containing Au nanoplates 
purified by the ultrasonication procedure before and after anti-IgG functionalization (0.26 
j.lg/mL) by the pure MUA (Frame A), 5 mM place-exchange (Frame B), and 6 mM place-
exchange (Frame C) strategies. Frame D shows the result of a pure ME sample before 
and after human anti-IgG exposure as a control. All of the samples displayed a LSPR 
band between 600 and 800 nm before functionalization as reported by our group 
previously.172 Anti-IgG attachment by the pure MUA method led to a red-shift in the 
LSPR band to longer wavelengths by 25 nm (~A.max) as expected for an increase in the 
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Figure 5.1. A) Atomic force microscopy (AFM) image of Au nanoplateson a 
SiiSiOx sample after purification by tape. The inset shows the zoom-in image bf:a 
nanoplate. AFM images of Au nanoplates purified by taping: :and then 
functionalized with anti-IgG (0.26 Jlg/mL) using B) pureMUA, ~) 5mM place-
exchanged MUA, and D) 6 mM place-exchanged MUA. 
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Figure 5.2. LSPR spectra of Au nanoplates purified by sonication and then 
functionalized with anti-IgG (0.26 ~g!mL) using A) pure MUA, B) 5 mM 
place-exchanged MUA, C) 6 mM place-exchanged MUA, and D) pure ME. 
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refractive index of the environment upon protein binding. For the place-exchanged 
samples, the shift in'the LSPR band was 44 nm and 54 nm for the 5 mM and 6 mM MUA 
exchange, respectively. The sample of pure ME showed a ~Amax of 2 nm. The extinction 
changes are random and irreproducible from sample to sample, which was not understood 
'at this point of time. 
We performed similar experiments on samples synthesized by GS 1 and purified by 
tape and observed a similar response as for those purified for sonication. (See Figures 
5.3-5.6 for all spectra on GS1 samples purified by tape and Figures 5.7-5.9 for all data on 
GS1 sonication samples.) 
Figure 5.2 shows the result of 1 sample for each anti-IgG attachment strategy on 
samples purified by ultrasonication. Figure 5.10 shows a bar graph displaying the 
average and standard deviation of the ~Amax for all methods of synthesis and purification 
and the three attachment strategies and pure ME control based on at least three samples 
for each method. The average ~Amax was 53 ± 4 nm, 49 ± 13 nm, and 21 ± 5 nm for 
samples functionalized by 6 mM place-exchange, 5 mM place-exchange, and pure MUA 
strategies, respectively on GS 1 sonicated samples whereas the samples purified by tape 
showed values of 32 ± 3 nm, 23 ± 1 nm, and 12 ± 1 nm, respectively. Non purified 
samples synthesized by GS 1 showed ~Amax values of 9 ± 1 nm, 6 ± 3 nm, and 1 ± 1 nm 
for the three strategies, respectively. The average ~Amax was < 3 nm for the control Au 
nanoplates functionalized with pure ME. The general increase in Amax for all of samples 
upon anti-IgG binding is due to a local increase in the refractive index around the Au 
nanostructure environment as described previously.94, 95 The small ~Amax change in the 
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Figure 5.3. LSPR spectra of three different taped samples of Au nanoplates functionalized with 
anti-IgG using the pure MUA method and 0.26 !J.g/mL anti-IgG. 
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Figure 5.4. LSPR spectra of three different taped samples of Au nanoplates functionalized 
with anti-IgG using the place-exchange method (5 mM MUA) and 0.26 !J.g/mL anti-IgG. 
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Figure 5.5. LSPR spectra of three different taped samples of Au nanoplates functionalized 
with anti-IgG using the place-exchange method (6 mM MUA) and 0.26 j.tg/mL anti-IgG. 
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Figure 5.6. LSPR spectra of three different taped samples of Au nanoplates functionalized 
with pure ME and exposed to 0.26 j.tg/mL anti-IgG. 
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Figure 5.7. LSPR spectra of six different GS 1 sonicated samples of Au nanoplates functionalized 
with anti-IgG using the pure MUA method and 0.26 llg/mL anti-IgG. 
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Figure 5.8. LSPR spectra of five different "GS 1 sonicated" samples of Au nan opiates 
functionalized with anti-IgG using the place-exchange method (5 mM MUA) and 0.26 Ilg/mL 
anti-IgG. 
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Figure 5.9. LSPR spectra of four different "GS 1 sonicated" samples· of Au · nanoplates 
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Figure 5.10. Bar graph showing the average and standard deviation for change 
in wavelength for Au nanoplate samples purified by GS 1 sonication, GS 1 
taping, GSI as prepared and then functionalized with anti-IgG using the 
different strategies and a 0.26 J..lg/mL anti-IgG concentration. 
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control experiment importantly confirms that 1) anti-IgG binds specifically to MUA, 
likely through covalent amide bonds, and 2) we were successful at measuring the optical 
properties of the glass slide in the same location before and after exposure to anti-IgG. 
We also note that the maximum dAmax was < 3 nm, for samples of untreated Au 
nanoplates in air over a one-week period. This reflects the stability of the nanostructures 
and the precision of the instrument and our sample placement procedure. It also shows 
that the spectral changes observed for the MUA-containing samples upon anti-IgG 
binding are significant, while the changes observed for the ME-functionalized Au 
nanoplates are below the instrument and sample placement precision and therefore 
insignificant, which indicates minimal non-specific adsorption. 
There is clearly a trend in the dAmax with the different attachment strategies following 
the order of6 mM place-exchange> 5 mM place-exchange> pure MUA. We believe the 
different dAmax values for place-exchange and pure MUA samples are due to different 
anti-IgG binding locations on the Au nanoplates. The AFM images showed anti-IgG 
bound primarily to edge sites for the place-exchange samples and terrace sites for the 
pure MUA samples (Figure 5.1). Taken together, the data indicate that the LSPR band is 
more sensitive to anti-IgG bound to the edge or vertex sites compared to flat terrace sites 
as predicted previouslyJ07 and as shown by our group on spherical particles.47 This was 
true even though the anti-IgG coverage was larger on the terraces of the Au nanoplates 
functionalized by the pure MUA strategy compared to the coverage on the edge sites 
using the 5 mM MUA place-exchange. The larger dAmax values of the 6 mM place-
exchange samples relative to the 5 mM samples were due to the larger coverage of anti-
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Figure 5.11. Plot of average root-mean-square (RMS) roughness of the interior 
of Au nanoplates (not including edges) as a function of anti-IgG attachment 
strategy for a concentration of 0.26 JlglmL. The error bars represent the 
standard deviation measured from three nanoplates. The RMS values are 
indicative of the coverage of anti-IgG on the flat terrace ofthe Au nanoplates. 
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was no clear trend in the change in extinction for the different strategies (see Figure 5.12 
for the plot of anti-IgG concentration vs extinction change). The large error bars prevent 
a conclusive analysis of these results. The irreproducibility could be due to an unknown 
and uncontrolled phenomenon that drastically affects the absorbance intensity of Au 
nanoplates or it may be due to an irreproducible loss of Au nanoplates from the surface 
during soaking in anti-IgG. It is difficult to imagine that a large amount of Au nanoplates 
detach from the surface during soaking in anti-IgG when the Au nanoplates are stable 
against taping and sonication though. We believe that further experimentation IS 
necessary to better understand the extinction changes that occur during biomolecular 
binding to Au nanoplates and other nanostructures. We note that most LSPR 
spectroscopy sensing studies monitor L\Amax, rather than extinction, as the signa1.
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, 112 
There is also a trend in the anti-IgG attachment strategies as a function of method of 
purification. The L\Amax followed the order GS 1 sonication > GS 1 taped > GS 1 as 
prepared when comparing all anti-IgG attachment strategies (Figure 5.10). The order of 
the shift in L\Amax follows the order of L\Amax,initial' The initial average Amax was 704 ± 8 
nm for GS1 sonicated, 675 ± 54 nm for GS1 taped and 545 ± 4 nm for GS1 as prepared, 
respectively when comparing the 6 mM MUA place-exchange. It is well known that the 
bulk RI sensitivity (So) increases as the L\Amax, initial increases. This explains the trend in 
sensitivity for the different purification methods. The large L\Amax in the sonicated 
samples is promising for increasing the sensitivity to protein binding. 
Table 5.1 shows the average L\Amax for the two different purification strategies along 
with as prepared samples using GS1 and anti-IgG attachment strategies. The table also 
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Figure 5.12. Bar graphs showing the average and standard deviation for change 
in normalized extinction on A) samples purified by tape and B) samples purified 
by sonication before functionalizing with anti-IgG using the different strategies 
and a 0.26 ).tg/mL anti-IgG concentration. 
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Table 5.1. Data table showing the response to anti-IgG for Au nanoplate samples purified 
by different methods and functionalized by the different strategies. 
Purification %Au AAmax AAmax 
Strategy Nanoplates Amax, Pure Amax, 5mM Amax, 
init(nm) MUA init(nm) Exch init(nm) 
GS 1 90 ± 11 674 ± 21 12 ± 1 644 ± 52 23 ± 1 675 ± 54 
Taped 
GS 1 91 ± 9 743 ± 35 21 ± 5 766 ± 70 49 ± 13 704± 8 
Sonication 










initial Amax of the lowest wavelength peak. In In the case of taped and sonicated samples 
synthesized by GS 1, the ~Amax followed the order 6 mM exchange> 5 mM exchange> 
pure MUA as discussed previously. Comparing purification strategies, the average ~Amax 
followed the order GS 1 sonicated> GS 1 taped> GS 1 as prepared samples for all 
attachment strategies. For example with the 5 mM place-exchange functionalization, 
~Amax followed the order of GS 1 sonication (49 nm) > GS 1 taped (23 nm) > GS 1 as 
prepared (6 nm). This order is consistent with previous reports showing that the 
sensitivity of metal nanostructures to bulk refractive index changes increases as the initial 
Amax increases to higher wavelengths. 109, 134, 148, 149 This leads to a larger So value in 
equations 5.1 as the initial Amax increases. We note that two samples purified by taping, 
functionalized with pure MUA, and then coated with a very large coverage of anti-IgG 
from a 250 Jlg/mL solution exhibited an average ~Amax of 40 nm from two samples 
(Figure 5.13). If we assume 40 nm is the maximum possible shift for the taped samples, 
then partial attachment of anti-IgG to the edge sites (by 5 or 6 mM MUA place-
exchange), led to a signal that is 50-80% of the maximum possible signal (22-32 nm), 
even though there was much less anti-IgG attached to the surface. This clearly shows 
that most of the LSPR sensitivity is confined to the edge sites. 
Effect of Binding Distance on LSPR Response to Anti-IgG Binding. 
Once we determined that the edge sites of the Au nanoplates were more sensitive to 
local binding and that nanoplates purified by sonication were more sensitive compared to 
taped or as prepared samples, we decided to determine the effect of binding distance in 
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Figure 5.13. LSPR spectra of two different samples of Au nanoplates 
purified by taping and then functionalized with anti-IgG using the pure 
MUA method and 250 f.LglmL anti-IgG. This represents the approximate 
largest shift possible for the Au nanoplates based on complete coating of 
the nanoplates with anti-IgG at this high concentration. 
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decrease exponentially with an increase in binding distance due to an exponential 
decrease in the localized electromagnetic field enhancement. We studied the effect of 
chain length on the LSPR response of Au nanoplates on a 6 mM place-exchanged sample 
synthesized by OSI and purified by sonication. We used three different linkers to control 
the anti-IgO binding distance, which were 16-mercaptohexadecanoic acid (MHDA), 11-
mercaptoundecanoic acid (MUA) and mercaptopropionic acid (MPA). Figure 5.14 
shows a schematic representation of anti-I gO attachment using MPA (Frame A), MUA 
(Frame B) and MHDA (Frame C). 
Figure 5.15A shows the LSPR response to anti-IgO bound to MHDA, which showed 
a .1Amax of 43 nm. Under the same exchange conditions, binding to MUA showed a .1Amax 
of 54 nm (Figure 5.15B) and MPA showed a .1Amax of 65 nm (Figure 5.15C). According 
to equation I above, .1Amax has an exponential dependence with distance from the 
nanoparticle surface. For Au nanoplates exchanged with MPA, the bound anti-IgO 
should be closest to the nanoparticle surface and exhibit a larger .1Amax compared to anti-
IgO bound to the longer MUA and MHDA linkers where the protein should be farther 
away from the surface. While Figure 5.15 shows only one set of examples Figure 5.16 
shows a plot of .1Amax vs carbon chain length using the 6 mM place exchange conditions 
on OS 1 sonicated. The .1Amax decreases exponentially with increasing chain length as 
expected. The error bars represents the standard deviations from at least three samples 
(See Figures 5.17-5.20 for all spectra using 5 and 6 mM MHDA and MP A on samples 
purified by sonication using OS I). We also performed similar experiments on samples of 
OSI as prepared and those prepared by OSI and purified by tape and observed similar 
results. (See Figures 5.21-5.24 for all spectra using 5 and 6 mM MHDA and MPA on 
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samples purified by tape using GS1 and Figures 5.25-5.28 of for all spectra using 5 and 6 
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Figure 5.14. Schematic representation of anti-IgG attachment to edges of Au nanoplates using 
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Figure 5.15. LSPR spectra of Au nanoplates 
purified by sonication before and after 
attachment of anti-IgG using the A) 6 rnM 
MHDA B) 6 rnM MUA and C) 6 rnM MP A 
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Figure 5.16. Plot showing the average and standard deviation for change in 
wavelength for Au nanoplate samples purified by sonication using GS 1 and then 
functionalized with anti-IgG using the 6 mM place-exchange strategy with the three 
different carbon chain lengths (MHDA, MUA, MP A) and a 0.26 J.Lg/mL anti-IgG 
concentration. 
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Figure 5.17. LSPR spectra of three different "GS 1 sonicated" samples of Au nanoplates 
functionalized with anti-IgG using the place-exchange method (5 mM MHDA) and 0.26 
l!g/mL anti-IgG. 
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Figure 5.18. LSPR spectra of three different "GS 1 sonicated" samples of Au nanoplates 
functionalized with anti-IgG using the place-exchange method (6 mM MHDA) and 0.26 
l!g/mL anti-IgG. 
144 















- After anti-lgG 
-Before anti-lgG 
799 
O.OOB /lA".ax = 49 nm 0.016 /lA".ax = 45 nm 
AElElnltlaJ = -0.052 AElElnltlaJ = 0.OB3 0.015 AElElnltlaJ = 0.125 
O.OOfoo 500 600 700 BOO 900 1086
01
100 500 600 700 BOO 900 108001~00 500 600 700 BOO 900 1000 
Wavelength (nm) Wavelength (nm) Wavelength (nm) 
Figure 5.19. LSPR spectra of three different "GS 1 sonicated " samples of Au nanoplates 
functionalized with anti-IgG using the place-exchange method (5 mM MPA) and 0.26 Ilg/mL 
anti-IgG. 
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Figure 5.20. LSPR spectra of three different "GS 1 sonicated " samples of Au nanoplates 
functionalized with anti-IgG using the place-exchange method (6 mM MPA) and 0.26 Ilg/mL 
anti-IgG. 
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Figure 5.21. LSPR spectra of three different taped samples of Au nanoplates functionalized 
with anti-IgG using the place-exchange method (5 mM MHDA) and 0.26 ~g/mL anti-IgG. 
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Figure 5.22. LSPR spectra of three different taped samples of Au nanoplat~s functionalized with anti-
IgG using the place-exchange method (6 mM MHDA) and 0.26 J.lg/mL anti-IgG. 
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Figure 5.23. LSPR spectra of three different taped samples of Au nanoplates functionalized with anti-
IgG using the place-exchange method (5 mM MPA) and 0.26llglmL anti-IgG. 
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Figure 5.24. LSPR spectra of three different taped samples of Au nanoplates functionalized with anti-
IgG using the place-exchange method (6 mM MPA) and O.261lglmL anti-IgG. 
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Figure 5.25. LSPR spectra of five different "GS1" samples of Au nanoplates functionalized with anti-IgG 
using the place-exchange method (5 mM MHDA) and 0.26 llg/mL anti-IgG. 
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Figure 5.26. LSPR spectra of three different "GS 1" samples of Au nanoplates functionalized with anti-
IgG using the place-exchange method (6 mM MHDA) and 0.261lg/mL anti-IgG. 
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Figure 5.27. LSPR spectra of five different "GS 1" samples of Au nanoplates functiohalized with anti-
IgG using the place-exchange method (5 mM MP A) and 0.26 f..lglrnL anti-IgG. 
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Figure 5.28. LSPR spectra of five different "GS I" samples of Au nanoplates functionalized with anti-IgG 
using the place-exchange method (6 mM MPA) and 0.26llglmL anti-IgG. 
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Location-Dependent IgG Sensing. 
We performed an immunoassay with human IgG after immobilizing anti-IgG on Au 
nanoplate samples synthesized by GSI and purified by taping. Figure 5.29 shows the 
optical changes in the LSPR spectra for IgG detection after immobilizing anti-IgG on the 
Au nanoplates using 6 mM MUA place-exchange (frame A) and pure MUA (frame B). 
The black curve represents the spectrum before anti-IgG immobilization. The LSPR 
band after immobilizing 0.26 /lglmL anti-IgG (red curve) exhibited a shift of28 nm while 
the LSPR band shifted only by 14 nm on a pure MUA treated sample as discussed 
previously. Exposure to a 10 pglmL solution of IgG on the exchanged sample lead to a 
further shift in the LSPR band to longer wavelengths by ~9 nm (green curve). This is 
among the lowest concentration detected by LSPR for proteins to date. 128 The 
immunoassay performed with the anti-IgG bound to pure MUA treated Au nanoplates 
responded only to 1 ng/mL (1000 pglmL) IgG with a shift of 7 nm. This is a 2 order of 
magnitude improvement by controlling the binding location. 
Selective edge attachment of 12 nm Au seeds: Because protein molecules are very 
small it was difficult sometimes to visualize anti-IgG on the nanoplates. We immobilized 
12 nm seed on Au nanoplates by place-exchanging the ME functionalized nanoplate 
sample with 6 mM octanedithiol (ODT) before placing the sample in a solution of Au 
seed particles. Figure 5.30A shows a schematic procedure for immobilizing seed 
nanoparticles on the nanoplates. Figures 5.30 B through D shows AFM images of the 
edge attached 12 nm seed nanoparticles. This also confirms that place-exchange 
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Figure 5.29. LSPR spectra showing A) 0.01 ng/mL IgG detection on a 6 mM MUA exchanged 











Figure 5.30. A) Scheme showing selective edge attachment of Au seeds on the nanoplates. 
B), C), and D) are the AFM images of 12 nm seed particles on Au nanoplates. 
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5.4. CONCLUSIONS 
There are two major advancements reported in this work. This represents a major 
improvement over our previous work, which showed the optical response of highly 
disperse samples of nanoplates and spherical particles. The ,1.A.max values from this work 
along with the AFM images confirm that the edge sites are more sensitive to anti-IgG 
binding compared to terrace sites and also shows that pure Au nanoplates are more 
sensitive compared to spherical Au NPs. Spherical Au NPs previously displayed ,1.A.max 
values of 5-6 nm and 9-10 nm for place-exchange samples using 5 mM and 6 mM MUA, 
respectively. Under identical conditions, the purified Au nanoplates displayed average 
,1.A.max values of23 nm and 32 nm, respectively, for taped GSI samples and 49 nm and 53 
nm for sonicated GS 1 samples. The second discovery was that the exchange performed 
with short carbon chain length (MPA) showed average ,1.A.max values of 61 nm where as 
MUA showed an average ,1.A.max of 53 nm and MHDA showed an average ,1.A.max value of 
42 nm for a 6 mM exchange sample conditions. We also detected a 0.01 ng/mL IgG 
solution optically using Au nanoplates functionalized with anti-IgG through the 
optimized place-exchange procedure. The AFM images reveal that only a few anti-IgG 
molecules bound to edge sites lead to a large ,1.A.max, showing that single biomolecule 
detection is a real possibility. The experimental demonstration of controlled binding of 
biomolecules at the edge sites of Au nanostructures and correlation between LSPR 
response and binding location allows us to obtain a better fundamental understanding of 
LSPR based detection in order to optimize these materials for biosensing applications. 
Controlled binding to edge sites should also impact applications in SERS-based sensing. 
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There are still several questions to answer regarding the effect of local protein binding on 
the extinction of Au nanoplates, as the results were sporadic. 
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CHAPTER VI 
SUB-PICOMOLAR LABEL FREE PROTEIN DETECTION WITH SURFACE 
ATTACHED GOLD NANOPLATES BY LOCALIZED SURFACE PLASMON 
RESONANCE SPECTROSCOPY 
Here we report the label-free detection of a model protein, human IgG, by monitoring 
the Localized Surface Plasmon Resonance (LSPR) band of surface attached Au 
nanoplates. Human IgG detection occurred in an immunoassay format with human anti-
IgG bound to the Au nanoplates capturing IgG in solution and producing a shift in the 
LSPR band ("-max) at concentrations down to 1 pg/mL « 0.1 pM). The dynamic range is 
0.001 to 100 ng/mL where the signal change (~"-max) ranged from 12 to 70 nm. No LSPR 
response occurred for control experiments with buffer only or nonspecific antigen goat 
IgG at low and medium concentrations of goat-IgG, although small signals arose at 
concentrations of 1000 ng/mL. The keys to high sensitivity include purification of Au 
nanoplates (~ 90%) with an initial "-max of ~ 700 nm, the selective edge-functionalization 
of the nanoplates with human anti-IgG, and monitoring the LSPR band in air before and 
after IgG exposure. A drawback of the detection strategy is the long response time (~ 24 
hrs), which stirring did not improve. 
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6.1. INTRODUCTION 
It is well-known that sharp edges and comers of nanostructures exhibit much 
larger electric field enhancement compared to smooth terrace regions. 58 For example, the 
electric field enhancement is large at the ends of nanorods, vertices of triangular 
nanoplates, points of branched structures, or within coupled nanopartic1e pairs. 58, 156 
These regions are considered to be "hot spots" that are highly sensitive to molecules 
binding in the vicinity much in the same way that these "hot spots" are responsible for 
surface enhanced Raman scattering (SERS) of Raman active molecules in their vicinity. 
We previously showed the controlled binding of anti-IgG to the edge and vertex 
sites of spherical Au nanopartic1es and purified Au nanoplates synthesized directly on 
glass and Si/SiOx surfaces. The LSPR response of edge functionalized antibodies on Au 
nanoplates was dramatically larger than terrace-bound antibodies. In our previous work 
we reported that Au nanoplate samples purified by sonication showed a greater LSPR 
response compared to non-purified samples with mostly Au spheres and tape-purified 
samples since the initial Amax is larger. We also previously optimized the LSPR response 
to protein binding by using a short chain 3-mercaptopropionic acid (MPA) to immobilize 
antiIgG on the surface. Here we report the detailed LSPR response of optimized Au 
nanoplate samples to various concentrations of specific human IgG compared to 
nonspecific IgG. We provide the limit of detection, specificity, and effect of stirring on 
the response time, which is generally very slow at low concentrations. 
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6.2. EXPERIMENTAL METHODS 
Chemicals. Citric acid trisodium salt was purchased from Bio-rad laboratories. L-
ascorbic acid (99%), sodium borohydride (98.5%), cetyltrimethylammonium bromide 
(CTAB), 3-mercaptopropionic acid (MPA), 2-mercaptoethanol (ME), N-hydroxy 
succinimide (NHS), and silver nitrate (AgN03) were purchased from Sigma-Aldrich. 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was purchased from Pierce and 95 
% mercaptopropyltrimethoxy silane (MPTMS) was purchased from Alfa Aesar. 2-
propanol was purchased from Pharmco and toluene from Honeywell. Stock solutions of 
2.5 mg/mL antibody anti-human-IgG and 10 mg/mL antigen human-IgG, 5 mg/mL goat-
IgG, and PBS were purchased from Sigma-Aldrich. HAuCl4 was synthesized from solid 
Au. 
Synthesis of Au Nanostructures Directly on Surfaces. Au nanostructures were 
synthesized directly on glass and silicon surfaces, purified and functionalized with anti-
IgG for IgG sensing in a similar way as discussed in chapter II of experimental section. 
6.3. RESULTS AND DISCUSSION 
LSPR Sensing of IgG. Figure 6.1 shows an SEM image of the nanoplate sample 
purified by sonication. The dark region represents the Si/SiOx and the grey features 
represents the nanoplates. Glass slides coated with Au nanoplates were carefully marked 
to measure the extinction from the same location before and after human anti-IgG 
functionalization and subsequent exposure to human IgG to monitor the LSPR response 
to local protein binding. All of the samples displayed an initial Amax from 680 to 750 nm 
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Figure 6.1. SEM image of an Au nanoplate sample on 
purification by sonication. 
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before anti-IgG functionalization. As mentioned in the previous chapters, the sensitivity 
of the LSPR Amax to the environment increases with increasing initial Amax,. so we studied 
samples with initial Amax values over this narrow range. We edge functionalized the Au 
nanoplates with anti-human IgG by assembly of ME on the surface, place-exchange of 
ME with 6 mM MPA, and finally EDC coupling of human anti-IgG as described 
previously in chapter V. We previously found that these conditions were optimal for IgG 
sensing with Au nanoplates. 
Figure 6.2 shows the general sensing scheme for IgG sensing after immobilizing anti-
IgG on purified Au nanoplates. 
Figure 6.3A shows the LSPR spectra of Au nanoplates on glass before (black plot) 
and after (red plot) anti-IgG functionalization and after exposure to 0.001 nglmL human 
IgG for 24 hrs (green plot). The shift in the LSPR band after anti-IgG functionalization 
(L1Amaxl) was 46 nm and after exposure to IgG (L1Amax2) was 13 nm. The sample showed a 
shift in Amax after anti-IgG and IgG binding due to a change in the refractive index around 
the Au nanoplates, consistent with our previous results. Figure 6.3 Frames B through F, 
show similar LSPR spectra for Au nanoplate samples after anti-IgG functionalization and 
exposure to human IgG at concentrations ranging from 0.1 to 100 ngimL. In all cases, 
L1Amaxl was similar, ranging from 46 to 70 nm. The L1Amax2 ranged from 13 to 71 nm, 
increasing with increasing human IgG concentration. 
Figure 6.4 shows a plot of L1Amax vs log (IgG) for Au nanoplates after exposure to 
human and goat IgG. The error bars represent the standard deviation from at least three 
samples, except at 0.001 nglmL, for which we observed a response only twice out of 5 
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Figure 6.2. Scheme showing the synthesis and purification of Au nanoplates directly on 
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Figure 6.3. LSPR spectra of Au nanoplates before (black) and after edge functionalization 
with human anti-IgG and after subsequent exposure to human IgG (green) at concentrations of 
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samples. The average dAmax after IgG exposure was 12.5 ± 0.7 run, 23.7 ± 5.5 run, 35 ± 5 
run, 50.7 ± 3.2 run, 65.3 ± 4.9 run, 69.5 ± 2.1 run and 70 ± 1.4 run for 0.001,0.01,0.1, 1, 
10, 100 and 1000 nglmL respectively. The dAmax values after IgG exposure increased 
with increasing IgG concentration from 0.001 ng/mL to 100 nglmL and then saturated 
beyond 100 ng/mL IgG. Further increase in IgG concentration to 1000 ng/mL showed a 
similar response, indicating that anti-IgG binding sites become saturated. Figure 6.4 also 
shows the response for nonspecific antigen goat-IgG at various concentrations from 0.01 
nglmL to 1000 ng/mL. The dAmax for concentrations from 0.01 nglmL to 100 nglmL was 
less than or equal to 3 run (insignificant) while that at 1000 nglmL goat IgG was 11 ± 1.4 
run, which is due to some nonspecific binding at high concentrations. The plot of log of 
IgG concentration vs wavelength shift calibration plot is not linear. This could be due to 
the varied number of binding sites ofIgG. This need to be understood further. 
Figure 6.5 shows the LSPR response for control samples of pure ME-functionalized 
Au nanoplates exposed to anti-IgG (Frame A), and anti-IgG edge functionalized Au 
nanoplates exposed to buffer only (Frame B) and nonspecific goat IgG (Frame C). The 
dAmax with the pure ME-coated nanoplates when exposed to anti-IgG for 12-15 hrs was 2 
run. This confirms that anti-IgG binds specifically to MPA, likely through covalent 
amide bonds, and that we were successful at measuring the optical properties of the glass 
slide in the same location, since the spectrum is nearly identical before and after anti-IgG 
exposure. We also note that the maximum dAmax was < 3 run for samples of untreated Au 
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Figure 6.5. LSPR spectra of A) ME-coated Au nanoplates before and after exposure to 
pH 7.4 phosphate buffered 0.26 J.lg/mL human anti-IgG for 24 hours and human anti-
IgG edge functionalized Au nanoplates exposed to B) pH 7.4 phosphate buffer and C) 
pH 7.4 phosphate buffered 0.01 ng/mL goat IgG for 24 hours. 
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instrument and our sample placement. Any signal below 3 nm would be considered 
insignificant. The control experiments in Frames Band C displayed an insignificant 
~Amax of 2 nm and 3 nm, which shows that the nanoplates are stable in buffer only 
overnight, the anti-human IgG does not bind goat IgG, and that we were successful in 
measuring the spectra at the same location of the glass slide. The human anti-IgG edge 
functionalized Au nanoplates are clearly stable, highly selective, and highly sensitive to 
the target protein. These samples could easily be employed for the detection of more 
relevant proteins, such as cancer markers. 
Effect of stirring on the LSPR response of IgG binding to anti-IgG 
We also studied the effect of stirring on IgG binding to anti-IgG functionalized Au 
nanoplates in order to decrease the response time. Figure 6.6 shows the LSPR spectrum 
of an Au nanoplate sample before (black), after (red) anti-IgG functionalization and after 
stirring for 12 hours in a 0.01 ng/mL pH 7.4 phosphate buffered IgG solution (green 
plot). The sample showed a ~Amax of 60 nm after anti-IgG edge functionalization 
consistent with other samples, and a ~Amax of 12 nm after stirring for 12 hrs in IgG. A 
nonstirred sample after 24 hrs showed a ~Amax value of 23.7 ± 5.5 nm (Figure 6.3). No 
change in the LSPR response occurred when the solution was stirred for less than 12 hrs. 
From this experiment we conclude that stirring does not significantly reduce the response 














~maX1 = 60 nm 
~max2 = 12 nm 
0.004+---~-..----r----"""---r----' 
400 500 600 700 800 900 1000 
Wavelength (nm) 
Figure 6.6. LSPR spectra showing the effect of stirring on IgG binding to anti-IgG 
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6.4. CONCLUSIONS 
In summary, we" studied the collective LSPR response of pure anti-IgG 
functionalized Au nanoplates to IgG at concentrations from 0.001 to 1000 ng/mL. The 
~Amax ranged from 12.5 ± 0.7 nm to 69.5 ± 2.1 nm over these concentrations, increasing 
with increasing IgG concentration until saturation above approximately 100 ng/mL IgG. 
Control experiments with buffer only and nonspecific goat IgG showed no LSPR 
response which confirms the selectivity to human-IgG. Stirring appeared to have a 
minimal effect on the long 24 hr analysis time. The 1 pg/mL « 0.1 pM) concentration 
detected here is the lowest LSPR detection limit reported for proteins to our knowledge. 
The high sensitivity to protein binding is due to 1) purified Au nanoplates with initial 
Amax in air of 650 - 750 nm, 2) selective edge-functionalization of the nanoplates with 
anti-IgG, and 3) monitoring the LSPR in air before and after binding. This label-free, 
highly sensitive and specific protein detection strategy could find use in a number of 
biomedical applications, such as the detection of cancer markers. Future research will 
explore applications and reduce the analysis time. 
167 
CHAPTER VII 
LOCALIZED SURFACE PLASMON RESONANCE SENSING WITH Ag-
COATED Au NANOPLATES GROWN DIRECTLY ON SURFACES 
Here we report the synthesis of Ag-coated Au nanoplates (Au! Ag) directly on the 
surface of glass and Si/SiOx and the localized surface plasmon resonance (LSPR) 
response to global refractive index changes and local biomolecule binding. The Au! Ag 
nanoplate samples displayed a global refractive index sensitivity of 439 - 651 nmIRlU 
with an initial wavelength of 638 nm. The initial single LSPR band split into two peaks 
in the presence of various liquids. The local LSPR response of Ag/ Au nanoplates 
functionalized with anti-IgG to human IgG binding increased with increasing IgG 
concentration from 1 pg/mL to 100 ng/mL where the signal saturates. The average 
change in Amax (~Amax) is 17.5 ± 0.7 nm for binding at 1 pg/mL IgG and 75.5 ± 2.1 nm for 
binding at 100 ng/mL IgG concentration. Control experiments with buffer only and 
nonspecific antigen goat IgG « 1 00 ng/mL) showed no LSPR response; there is a small 
shift in the LSPR band after exposure to 1000 ng/mL goat IgG. The key to high 
sensitivity is the purity of the nanoplates and controlled edge-functionalization of the 
plates with anti-IgG. The Au!Ag nanoplates are slightly more sensitive compared to Au 
nanoplates to global RI changes, but not to local protein binding. 
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7.1. INTRODUCTION 
We previously showed the controlled binding of anti-IgG to the edge and vertex sites 
of spherical Au nanoparticles and purified Au nanoplates synthesized directly on glass 
and Si/SiOx surfaces. Here we studied the LSPR response of IgG binding to anti-IgG on 
silver coated Au (Aul Ag) nanoplates. These nanostructures showed greater bulk RI 
sensitivity in solvents of varying RI than the Au nanoplates samples. The local RI 
sensitivity as a result of IgG response was similar to the Au nanoplate samples. 
7.2. EXPERIMENTAL 
Chemicals. Citric acid trisodium salt was purchased from Bio-rad laboratories. L-
ascorbic acid (99%), sodium borohydride (98.5%), cetyltrimethylammonium bromide 
(CTAB), 3-mercaptopropionic acid (MPA), 2-mercaptoethanol (ME), N-hydroxy 
succinimide (NHS), and silver nitrate (AgN03) were purchased from Sigma-Aldrich. 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was purchased from Pierce and 95 
% mercaptopropyltrimethoxy silane (MPTMS) was purchased from Alfa Aesar. 2-
propanol was purchased from Pharmco and toluene from Honeywell. Stock solutions of 
2.5 mg/mL antibody anti-human-IgG and 10 mg/mL antigen human-IgG, 5 mg/mL goat-
IgG, and PBS were purchased from Sigma-Aldrich. HAuCl4 was synthesized from solid 
Au. 
Synthesis of Au/Ag Nanoplates. Glass and Si/SiOx slides were first cut and cleaned in 
piranha solution (1:3 H202:H2S04) for 10-15 min. (Caution: this solution, piranha, is 
a strong oxidizing agent that reacts violently with organics.) After rinsing with water 
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and drying under N2, the substrates were functionalized with MPTMS by heating them 
just below boiling in a solution containing 10 mL of 2-propanol, 100 ilL of MPTMS, and 
a few drops of water for about 30 min. After rinsing with 2-propanol and drying under 
N2, the MPTMS-functionalized glass and Si/SiOx slides were placed in an aqueous 
solution of 3-5 nm diameter citrate-stabilized Au nanoparticles ("seeds") for 15 minutes, 
which leads to their attachment to the thiol functionality of MPTMS through a strong Au-
thiolate interaction. After rinsing with water, the substrates containing immobilized Au 
seed nanoparticles were then placed in a freshly prepared solution containing 9 mL of 0.1 
M CTAB, 450 ilL of 0.01 M HAuCI4, and 50 ilL of 0.01 M ascorbic acid for 1 h. The 
samples were rinsed with water and dried under nitrogen before further use. The as-
synthesized nanostructures had ~ 23 % Au nanoplates and 67 % spherical particles. The 
nanoplate samples were purified by ultrasonicating the sample in a glass vial containing 
10 mL of nanopure water for 2-5 minutes. This led to samples with > 90 % Au 
nanoplates. The substrate was removed from the vial, washed thoroughly with nanopure 
water, and dried under nitrogen. The resulting Au nanoplate sample was then placed in a 
freshly prepared Ag growth solution which results in reduction of Ag+ in solution onto 
the Au nanoplates on the surface. The Ag growth solution consists of 10 mL of 0.08 M 
CTAB in pH 10.6 phosphate buffer, 250 ilL of 0.01 M AgN03 and 500 ilL of 0.1 M 
ascorbic acid. 157 The Au! Ag nanoplates are functionalized with anti-IgG for IgG sensing 
in a similar way as discussed in chapter II of experimental section. 
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7.3. RESULTS AND DISCUSSION 
Figure 7.1A and 7.1B show SEM images of the sample of purified Au nanoplates 
before and after Ag deposition and the inset shows a zoom-in of the plates. The dark 
region represents the Si/SiOx surface and the grey features represent the Au or Au! Ag 
nanoplates. The nanoplates after Ag deposition in Figure 7.1 B appear very similar to 
those before Ag deposition shown in Figure 7.1A showing that the Ag deposition 
proceeded uniformly on the surface of the Au nanoplates. The average width of the 
nanoplates determined by SEM before Ag deposition was 182 ± 49 nm based on 
measurements of 55 nanoplates from 3 samples and 211 ± 56 nm after Ag deposition 
based on 34 nanoplates from two different samples. This uniform deposition and ~ 30 
nm increase in width is consistent with that observed by Slawinski et al. for Ag growth 
on Au nanorods. 157 The increased average width suggests that Ag deposition occurred on 
the surface of the Au nanoplates, but is not conclusive due to the large size deviation. 
Figure 7.1C shows the LSPR spectrum before (red) and after (purple) Ag deposition on 
Au nanoplates. The peak at 760 nm represents the wavelength of maximum extinction 
(j"max) for Au nanoplates purified by sonication as reported by our group previously. The 
"'max shifted to 622 nm after Ag deposition. The 138 nm blue shift and increase in 
extinction after Ag growth is expected based on the literature. The LSPR spectrum 
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Figure 7.1. SEM image of Au nanoplates on a 
SiiSiOx surface A) before Ag deposition and 
B) after Ag deposition. C) LSPR spectra of the 
Au nanoplates before and after Ag deposition. 
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Global Refractive Index Sensitivity of Au! Ag nanoplates. 
We measured the global refractive index sensitivity of Au!Ag nanoplates 
synthesized directly on glass by placing the sample in liquids of varying refractive index 
and measuring the LSPR spectrum. Figure 7.2A shows the LSPR spectra of Au! Ag 
nanoplates synthesized on glass and placed in air, water, 2-propanol, toluene and then 
back in air. As the refractive index of the solvent increased the LSPR Amax red shifted to 
longer wavelengths. The LSPR band also interestingly split into two peaks when placed 
in higher RI solvents. This could be due to different popUlations of nanoplates on the 
glass surface responding differently to their environment. The spectrum in air before 
exposure to the solvents matches the spectrum after exposure to the different solvents, 
indicating that the nanoplate samples were stable and the spectra were from the same 
region of the glass sample. Figure 7.2B shows a plot of the LSPR Amax as a function of 
the RI of the solvent. The slope of the plot gives the RI sensitivity of the Au! Ag 
nanoplate sample. From the slope, the RI sensitivity was 651 nmlRIU for the Au! Ag 
nanoplate sample based on the position of the second peak and 439 nmlRIU based on the 
first peak with an initial Amax of 638 nm in air. The RI sensitivity of Au nanoplates with 
an initial Amax of 677 nm in air was only 195 nmlRIU in comparison, which shows that 
the Au! Ag nanoplates samples are more sensitive than Au nanoplates. The deposition of 
Ag on to the Au is a simple method for improving the RI sensitivity of the nanoplates. 
Sensitivity to Local Protein Binding. Glass slides coated with Au! Ag nanoplates were 
carefully marked to measure the extinction from the same location before and after 
human anti-IgG functionalization and subsequent exposure to human IgG to monitor the 
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Figure 7.2. A) LSPR spectra of AuiAg nanoplates on glass in air and in solvents of 
different refractive index as indicated. B) A plot of the LSPR ~Amax as a function of the 
solvent refractive index for the sample with a Amax in air of 638 run. 
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Amax from 580 to 700 nm before anti-IgG functionalization. As mentioned in the previous 
chapters, the sensitivity of the LSPR Amax to the environment increases with increasing 
initial Amax, so we studied samples with an initial Amax value over this narrow range. We 
edge functionalized the Au! Ag nanoplates with anti-human IgG by assembly of ME on 
the surface, place-exchange of ME with 6 mM MPA, and finally EDC coupling of human 
anti-IgG as described previously. We previously found that these conditions were 
optimal for IgG sensing with Au nanoplates. 
Figure 7.3 shows the general sensing scheme for IgG sensing after immobilizing anti-
IgG on Au! Ag nanoplates. 
Figure 7.4A shows the LSPR spectra of Au!Ag nanoplates on glass before (black 
plot) and after (red plot) anti-IgG functionalization and after exposure to 0.001 ng/mL 
human IgG for 24 hrs (green plot). The shift in the LSPR band after anti-IgG 
functionalization (~Amaxl) was 50 nm and after exposure to IgG (~Amax2) was 17 nm. The 
sample showed a shift in Amax after anti-IgG and IgG binding due to a change in the 
refractive index around the Au! Ag nanoplates, consistent with our previous results using 
Au nanoplates. Figure 7.4 Frames B through F, show similar LSPR spectra for Au!Ag 
nanoplate samples after anti-IgG functionalization and exposure to human IgG at 
concentrations ranging from 0.1 to 100 ng/mL. In all cases, ~Amaxl was similar, ranging 
from 45 to 58 nm. The ~Amax2 ranged from 17 to 70 nm, increasing with increasing 
human IgG concentration. 
Figure 7.5 shows a plot of ~Amax vs log [IgG] for Au!Ag and Au nanoplates after 
exposure to human and goat IgG. The error bars represent the standard deviation from at 
least three samples, except at 0.001 ng/mL, for which we observed a response only twice 
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Figure 7.3. Scheme showing the synthesis of Au! Ag nanoplates directly on surfaces for 
LSPR sensing of antigen after antibody immobilization. 
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Figure 7.4. LSPR spectra of AuJAg nanoplates before (black) and after edge 
functionalization with human anti-IgG and after subsequent exposure to human IgG (green) 
at concentrations of A) 0.001 ng/mL, B) 0.01 ng/mL, C) 0.1 ng/mL, D) 1.0 ng/mL, E) 10 
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Figure 7.5. Plot of LSPR band wavelength shift for human anti-IgG edge functionalized 
Au! Ag and Au nanoplates as a function of log (IgG) for exposure to specific human IgG 
and nonspecific goat IgG 
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out of 4 samples. The average ~Amax after IgG exposure was 17.5 ± 0.7 run, 28.3 ± 1.5 
run, 37.3 ± 2.3 run, 49 ± 2.6 run, 60.3 ± 2.1 run, 75.5 ± 2.1 run and 73.5 ± 2.1 run for 
0.001, 0.01, 0.1, 1, 10, 100 and 1000 nglmL respectively. The ~Amax values after IgG 
exposure increased with increasing IgG concentration from 0.001 ng/mL to 100 nglmL 
and then saturated beyond 100 nglmL IgG. Further increase in IgG concentration to 1000 
nglmL showed a similar response, indicating that anti-IgG binding sites become 
saturated. Figure 7.5 also shows the response for nonspecific antigen goat-IgG at various 
concentrations from 0.1 nglmL to 1000 ngimL. The ~Amax for concentrations from 0.1 
nglmL to 100 ng/mL was less than or equal to 3 run (insignificant) while that at 1000 
nglmL goat IgG was 11 ± 1.4 run, which is due to some nonspecific binding at high 
concentrations. The comparison between Au and Au! Ag nanoplates shows a similar 
sensitivity to both 
Figure 7.6 shows the LSPR response for control samples of pure ME-functionalized 
Au!Ag nanoplates exposed to anti-IgG (Frame A), and anti-IgG edge functionalized 
Au!Ag nanoplates exposed to buffer only (Frame B) and nonspecific goat IgG (Frame C). 
The ~Amax with the pure ME-coated nanoplates when exposed to anti-IgG for 12-15 hrs 
was 0 run. This confirms that anti-IgG binds specifically to MPA, likely through 
covalent amide bonds, and that we were successful at measuring the optical properties of 
the glass slide in the same location, since the spectrum is nearly identical before and after 
anti-IgG exposure. We also note that the maximum ~Amax was < 3 run for samples of 
untreated Au! Ag nanoplates in air. This reflects the stability of the nanostructures and 
the precision of the instrument and our sample placement. Any signal below 3 run is 
insignificant. The control experiments in Frames B and C displayed an insignificant 
179 
- Buffer only - After gOllllgG 
- After h.man anti-lgG - After hlman anti-lgG - After h.man anti-lgG 
- Before anli-lgG - Before anti-lgG - Before anti-lgG 
0.035 A 0.05 B 0.045 C 
0.030 0.04 0.040 
50.025 c 50.035 .20.03 





0.010 ~m .. 1 =0 nm 0.01 
~m"1 =63nm 
0.020 ~m .. 1·59nm ~m .. 2·1 nm ~m"2=1 nm 
O.OOioo 500 600 700 800 900 O.OUO 500 600 700 800 900 0.01~00 500 600 700 800 900 
Wavelength (nm) Wavelength (nm) Wavelength (nm) 
Figure 7.6. LSPR spectra of A) ME-coated AU/Ag nanoplates before and after exposure to 
pH 7.4 phosphate buffered 0.26 J.lg/mL human anti-IgG for 24 hours and human anti-IgG 
edge functionalized Ag/ Au nanoplates exposed to B) pH 7.4 phosphate buffer and C) pH 7.4 
phosphate buffered 0.01 ng/mL goat IgG for 24 hours. 
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~A.max of 1 run, which shows that the nanoplates are stable in buffer only overnight, the 
anti-human IgG does not bind goat IgG, that again we were successful in measuring the 
spectra at the same location of the glass slide. The human anti-IgG edge functionalized 
AU/Ag nanoplates are clearly stable, highly selective, and highly sensitive to the target 
protein. These samples could be employed for the detection of more relevant proteins, 
such as cancer markers. 
7.4. CONCLUSIONS 
In summary, we synthesized Ag-coated Au nanoplates directly on glass and 
Si/SiOx by seed-mediated growth directly on surfaces. The synthesized AU/Ag 
nanoplates showed a global refractive index sensitivity of 439-651 nmlRIU and local 
response to IgG binding at concentrations ranging from 10 pg/mL to 100 ng/mL when 
edge functionalized with anti-IgG. The detection of 1 pg/mL demonstrated here is the 
lowest concentration reported for IgG to our knowledge and clearly at clinically relevant 
protein concentrations. The high sensitivity is due to 1) the purification of the 
nanoplates, 2) controlled functionalization of anti-IgG at edge sites, and 3) use of a short 
linker for anti-IgG (MPA). The deposition of Ag on the nanoplates improves the global 
RI sensitivity but not to local IgG binding and the anti-IgG receptor is highly selective. 
Future experiments will be aimed at detecting cancer markers in biologically relevant 
media and decreasing the response time. 
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CHAPTER VIII 
SUMMARY AND CONCLUSIONS 
Selective attachment of antibodies to the edges of nanostructures can be used to 
detect analyte molecules at very low concentrations with high sensitivity and selectivity. 
Chapter III shows selective attachment of antibodies to the edges of Au nanostructures 
that are synthesized directly on surfaces using a seed-mediated method. The samples 
contained approximately 23 % nanoplates and 77 % spherical nanoparticles. The edge 
attached antibodies showed enhanced optical properties relative to terrace- bound 
antibodies. We attached antibodies selectively to the edges by place-exchanging the ME 
with MUA. Increasing MUA concentrations during exchange increased the number of 
antibodies at the edges and increased the shift in the LSPR band. The greater sensitivity 
of the edge sites is due to strong plasmon fields at these sites. While we obtained AFM 
data from Au nanoplates and optical data from spherical particles, we still lacked direct 
optical data from Au nanoplates.47 The spherical particles could detect IgG 
concentrations as low as 0.1 ng/mL. 
Chapter IV describes the purification of Au nanoplates directly on surfaces that 
resulted in removing the spherical particles, producing substrates with > 90 % Au 
nanoplates. The samples were purified by two methods, 1) by using an adhesive tape, 
and 2) by ultrasonicating the sample. We selectively attached anti-IgG to the edges of 
nanoplates and detected 0.01 ng/mL IgG concentrations. The L1A.max depends on the 
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method of purification. Sonicated samples showed greater L\Amax values to anti-IgG 
binding than taped samples, which in tum was greater than non-purified samples. We 
also used a second method to synthesize Au nanoplates directly on surfaces with a 44 % 
nanoplate yield before purification. In chapter V we studied the effect of the linker 
chainlength during place exchange and optimized the LSPR response to protein binding 
by using MPA as a linker. We correlated the optical properties with AFM images as a 
function of binding location directly on the nanoplates and observed greater LSPR 
responses to edge attached anti-IgG compared to terrace attached anti-IgG molecules. 
The edge functionalized anti-IgG could be used to detect IgG concentrations as low as 
0.01 ng/mL where as terrace bound anti-IgG could only detect 1 ng/mL IgG with a 
similar LSPR response. 
Detailed IgG LSPR response was described in Chapter VI using edge-exchanges 
MPA as a linker and nanoplate purified by sonication. No change in LSPR response was 
observed for nonspecific goat IgG and buffer-only solution whereas specific antigen IgG 
showed responses to 0.001 ng/mL. We increased the RI sensitivity of the Au nanoplates 
by depositing Ag on top of Au in Chapter VII, but the sensitivity to local binding of anti-
IgG and IgG was similar. 
Future experiments will be focused on studying the location and distance-dependent 
optical properties at the single nanoparticle level by observing the Rayleigh scattering. 
Also, nanoparticles could be selectively attached to the edges with SERS active 
conjugated molecules as a linker in order to observe an enhanced SERS signal, since 
these should be the hot spots. 
The following are the overall conclusions from this work. 
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• Au nanoplates can be synthesized directly on surfaces with improved yield by 
purification. 
• Edge-attached antibodies are more sensitive than the terrace-bound ones since the 
plasmon fields are the strongest at these sites. 
• Controlled binding to edge sites should impact applications In SERS based 
sensing. 
• The RI sensitivity of Au nanoplates could be improved by simply depositing a 
monolayer of Ag on top of Au. 
• The human anti-IgG edge-functionalized Au and AuiAg nanoplates are stable, 
highly selective, and highly sensitive to the target protein down to 1 pg/mL 
concentration. These samples could easily be employed for the detection of more 
relevant proteins, such as cancer markers. 
• The response time of the optical sensor is quite slow and needs improvement for 
rapid response applications. 
184 
REFERENCES 
(1) Zhou, M.; Chen, S.; Zhao, S.; Ma, H. Preparation of Gold Nanoplates by an 
Electrochemical Method. Chern. Lett. 2005,34, 1670-1671. 
(2) Takezaki, M.; Kida, R.; Kato, Y.; Tominaga, T. Preparations of Triangular Gold 
Nanoplates by Chemical and Photoreduction Methods. Chern. Lett. 2009, 38, 
1022-1023. 
(3) Zhou, Y.; Wang, C. Y.; Zhu, Y. R.; Chen, Z. Y. A Novel Ultraviolet Irradiation 
Technique for Shape-Controlled Synthesis of Gold Nanoparticles at Room 
Temperature. Chern. Mater. 1999,11,2310-2312. 
(4) Kan, C.; Wang, G.; Zhu, X.; Li, c.; Cao, B. Structure and Thermal Stability of 
Gold Nanoplates. App. Phys. Lett. 2006,88, 719041-719043. 
(5) Kim, F.; Connor, S.; Song, H.; Kuykendall, T.; Yang, P. Platonic Gold 
Nanocrystals. Angew. Chern. Int. Ed. 2004,43,3673-3677. 
(6) Lee, J.-H.; Kamada, K.; Enomoto, N.; Hojo, J. Polyhedral Gold Nanoplate: High 
Fraction Synthesis of Two-Dimensional Nanoparticles through Rapid Heating 
Process. Crystal Growth & Design 2008,8,2638-2645. 
(7) Sun, X.; Dong, S.; Wang, E. Large-Scale Synthesis of Micrometer-Scale Single-
Crystalline Au Plates of Nanometer Thickness by a Wet-Chemical Route. Angew. 
Chern. Int. Ed. 2004,43,6360-6363. 
(8) Sun, x.; Dong, S.; Wang, E. High-Yield Synthesis of Large Single-Crystalline 
Gold Nanoplates through a Polyamine Process. Langrnuir 2005,21,4710-4712. 
185 
-----------------~~-
(9) Shankar, S. S.; Rai, A.; Ankamwar, B.; Singh, A.; Ahmad, A.; Sastry, M. 
Biological synthesis of triangular gold nanoprisms. Nat. Mater. 2004,3,482-488. 
(10) Xiong, Y.; Washio, I.; Chen, J.; Cai, H.; Li, Z.-Y.; Xia, Y. Poly(vinyl 
pyrrolidone): A Dual Functional Reductant and Stabilizer for the Facile Synthesis 
of Noble Metal Nanoplates in Aqueous Solutions. Langrnuir 2006,22, 8563-8570. 
(11) Yamamoto, M.; Kashiwagi, Y.; Sakata, T.; Mori, H.; Nakamoto, M. Synthesis 
and Morphology of Star-Shaped Gold Nanoplates Protected by Poly(N-vinyl-2-
pyrrolidone). Chern. Mater. 2005,17,5391-5393. 
(12) Ah, C. S.; Yun, Y. J.; Park, H. J.; Kim, W.-J.; Ha, D. H.; Yun, W. S. Size-
Controlled Synthesis of Machinable Single Crystalline Gold Nanoplates. Chern. 
Mater. 2005, 17,5558-5561. 
(13) Huang, W.-L.; Chen, C.-H.; Huang, M. H. Investigation of the Growth Process of 
Gold Nanoplates Formed by Thermal Aqueous Solution Approach and the 
Synthesis of Ultra-Small Gold Nanoplates. J Phys. Chern. C 2007, 111, 2533-
2538. 
(14) Wang, J.; Wang, Z. Rapid Synthesis of Hexagon-Shaped Gold Nanoplates by 
Microwave Assistant Method. Mat. Lett. 2007,61,4149-4151. 
(15) Luo, Y. Large-scale Preparation of Single Crystalline Gold Nanoplates. Mat. Lett. 
2007,61, 1346-1349. 
(16) Baigorri, R.; Garcia-Mina, J. M.; Aroca, R. F.; Alvarez-Puebla, R. A. Optical 
Enhancing Properties of Anisotropic Gold Nanoplates Prepared with Different 
Fractions ofa Natural Humic Substance. Chern. Mater. 2008,20, 1516-1521. 
186 
(17) Bai, X.; Zheng, L.; Li, N.; Dong, B.; Liu, H. Synthesis and Characterization of 
Microscale Gold Nanoplates using Langmuir Monolayers of Long-Chain Ionic 
Liquid. Crystal Growth & Design 2008, 8, 3840-3846. 
(18) Porel, S.; Singh, S.; Radhakrishnan, T. P. Polygonal Gold Nanoplates in a 
Polymer Matrix. Chern. Cornrnun. 2005, 2387-2389. 
(19) Li, Z.; Liu, Z.; Zhang, J.; Han, B.; Du, J.; Gao, Y.; Jiang, T. Synthesis of Single-
Crystal Gold Nanosheets of Large Size in Ionic Liquids. J. Phys. Chern. B 2005, 
109, 14445-14448. 
(20) Wang, L.; Chen, X.; Zhan, J.; Chai, Y.; Yang, C.; Xu, L.; Zhuang, W.; Jing, B. 
Synthesis of Gold Nano- and Microplates in Hexagonal Liquid Crystals. J. Phys. 
Chern. B 2005,109,3189-3194. 
(21) Simakin, A. V.; Voronov, V. V.; Shafeev, G. A.; Brayner, R.; Bonzon-Verduraz, 
F. Nanodisks of Au and Ag Produced by Laser Ablation in Liquid Environment. 
Chern. Phys. Lett. 2001,348, 182-186. 
(22) Zhang, J.; Liu, H.; Zhan, P.; Wang, Z.; Ming, N. Controlling the Growth and· 
Assembly of Silver Nanoprisms. Adv. Funct. Mater. 2007, 1558-1566. 
(23) Pastoriza-Santos, I.; Liz-Marzan, L. M. Synthesis of Silver Nanoprisms in DMF. 
NanD Lett. 2002,2,903-905. 
(24) Bastys, V.; Pastoriza-Santos, I.; Rodriguez-Gonzalez, B.; Vaisnoras, R.; Liz-
Marzan, L. M. Formation of Silver Nanoprisms with Surface Plasmons at 
Communication Wavelengths. Adv. Funct. Mater. 2006,16, 766-773. 
187 
(25) Jin, R.; Cao, Y.; Kelly, K. L.; Zheng, J. G.; Schatz, G. C.; Mirkin, C. A. 
Photoinduced Conversion of Silver Nanospheres to Nanoprisms. Science 2001, 
294, 1901-1903. 
(26) Jin, R.; Cao, Y. C.; Hao, E.; Metraux, G. S.; Schatz, G. C.; Mirkin, C. A. 
Controlling Anisotropic Nanoparticle Growth Through Plasmon Excitation. 
Nature 2003, 425,487-490. 
(27) Xue, C.; Metraux, G. S.; Millstone, J. E.; Mirkin, C. A. Mechanistic Study of 
Photomediated Triangular Silver Nanoprism Growth. J Arn. Chern. Soc. 2008, 
130,8337-8344. 
(28) Xue, C.; Mirkin, C. A. pH-Switchable Silver Nanoprism Growth Pathways. 
Angew. Chern. Int. Ed 2007, 46, 2036-2038. 
(29) Metraux, G. S.; Mirkin, C. A. Rapid Thermal Synthesis of Silver Nanoprisms 
with Chemically Tailorable Thickness. Adv. Mater. 2005,17,412-415. 
(30) Tang, B.; An, J.; Zheng, X.; Xu, S.; Li, D.; Zhou, 1.; Zhao, B.; Xu, W. Silver 
Nanodisks with Tunable Size by Heat Aging. J Phys. Chern. C 2008,112, 18361-
18367. 
(31) An, 1.; Tang, B.; Ning, X.; Zhou, J.; Xu, S.; Zhao, B.; Xu, W.; Corredor, C.; 
Lombardi, J. R. Photoinduced Shape Evolution: From Triangular to Hexagonal 
SilverNanoplates.J Phys. Chern. C2007, 111,18055-18059. 
(32) Tang, B.; Xu, S.; An, J.; Zhao, B.; Xu, W. Photoinduced Shape Conversion and 
Reconstruction of Silver Nanoprisms. J Phys. Chern. C 2009, 113, 7025-7030 .. 
188 
(33) Zhang, Q.; Ge, J.; Pham, T.; Goebl, J.; Hu, Y.; Lu, Z.; Yin, Y. Reconstruction of 
Silver Nanoplates by UV Irradiation: Tailored Optical Properties and Enhanced 
Stability. Angew. Chern. Int. Ed 2009,48,3516-3519. 
(34) Aherne, D.; Ledwith, D. M.; Gara, M.; Kelly, J. M. Optical Properties and 
Growth Aspects of Silver Nanoprisms Produced by a Highly Reproducible and 
Rapid Synthesis at Room Temperature. Adv. Funct. Mater. 2008,18,2005-2016. 
(35) Chen, S.; Carroll, D. L. Synthesis and Characterization of Truncated Triangular 
Silver Nanoplates. Nano Lett. 2002,2, 1003-1007. 
(36) Guo, Z.; Zhang, Y.; Mao, Y.; Huang, L.; Gu, N. Synthesis of Microsized Gold 
Nanoplates by a Self-Seeding Method in Ethanol Solution. Mat. Lett. 2006, 60, 
3522-3525. 
(37) Ha, T. H.; Koo, H.-J.; Chung, B. H. Shape-Controlled Synthesis of Gold 
Nanoprisms and Nanorods Influenced by Specific Adsorption of Halide Ions. J 
Phys. Chern. C 2007, 111, 1123-1130. 
(38) Jiang, X.; Zeng, Q.; Yu, A. A Self-seeding Coreduction Method for Shape 
Control of Silver Nanoplates. Nanotechnology 2006, 17, 4929-4935. 
(39) Millstone, J. E.; Metraux, G. S.; Mirkin, C. A. Controlling the Edge Length of 
Gold Nanoprisms via a Seed-Mediated Approach. Adv. Funct. Mater. 2006, 16, 
1209-1214. 
(40) Millstone, J. E.; Park, S.; Shuford, K. L.; Qin, L.; Schatz, G. C.; Mirkin, C. A. 
Observation of a Quadrupole Plasmon Mode for a Colloidal Solution of Gold 
Nanoprisms. J Arn. Chern. Soc. 2005, 127,5312-5313. 
189 
(41) Bae, Y.; Kim, N. H.; Kim, M.; Lee, K. Y.; Han, S. W. Anisotropic Assembly of 
Ag Nanoprisms. J Am. Chern. Soc. 2008, 130, 5432-5433. 
(42) AsIan, K.; Lakowicz, J. R.; Geddes, C. D. Rapid Deposition of Triangular 
Nanoplates on Planar Surfaces: Application to Metal-Enhanced Fluorescence. J 
Phys. Chern. B 2005,109,6247-6251. 
(43) Sajanlal, P. R.; Pradeep, T. Electric-Field Assisted Growth of Highly Uniform and 
Oriented Gold N anotriangles on Conducting Glass Substrates. Adv. Mater. 2008, 
20, 980-983. 
(44) Sun, Y. Direct Growth of Dense, Pristine Metal Nanolates with Well-controlled 
Dimensions on Semiconductor Substrates. Chern. Mater. 2007,19,5845-5847. 
(45) Umar, A. A.; Oyama, M. Formation of Gold Nanoplates on Indium Tin Oxide 
Surface: Two-Dimensional Crystal Growth from Gold Nanoseed Particles in the 
Presence ofPoly(vinylpyrrolidone) Crystal Growth & Design 2006,6,818-821. 
(46) Umar, A. A.; Oyama, M.; Salleh, M. M.; Majlis, B. Y. Formation of High-Yield 
Gold Nanoplates on the Surface: Effective Two-Dimensional Crystal Growth of 
Nanoseed In the Presence of Poly(vinylpyrrolidone) and 
Cetyltrimethylammonium Bromide. Crystal Growth & Design 2009, 9, 2835-
2840. 
(47) Beeram, S. R.; Zamborini, F. P. Selective Attachment of Antibodies to the Edge 
Sites of Gold Nanostructures for Enhanced Localized Surface Plasmon Resonance 
Biosensing. J Am. Chern. Soc. 2009, 131, 11689-11691. 
190 
(48) Haynes, C. L.; Van Duyne, R. P. Nanosphere Lithography: A Versatile 
Nanofabrication Tool for Studies of Size-Dependent Nanoparticle Optics. J. Phys. 
Chem. B 2001,105,5599-5611. 
(49) Chan, G. H.; Zhao, J.; Hicks, E. M.; Schatz, G. C.; Van Duyne, R. P. Plasmonic 
Properties of Copper Nanoparticles Fabricated by Nanosphere Lithography. Nano 
Lett. 2007, 7, 1947-1952. 
(50) Chan, G. H.; Zhao, J.; Schatz, G. C.; Van Duyne, R. P. Localized Surface 
Plasmon Resonance Spectroscopy of Triangular Aluminium Nanoparticles. J. 
Phys. Chem. C 2008,112, 13958-13963. 
(51) Smith, D. K.; Korgel, B. A. The Importance of the CTAB Surfactant on the 
Colloidal Seed-Mediated Synthesis of Gold Nanorods Langmuir 2008, 24, 644-
649. 
(52) Bi, Y.; Lu, G. Morphological Controlled Synthesis and Catalytic Activities of 
Gold Nanocrystals. Mat. Lett. 2008,62,2696-2699. 
(53) Kundu, S.; Lau, S.; Liang, H. Shae Controlled Catalysis by 
Cetyltrimethylammonium Bromide Terminated Gold Nanospheres, Nanorods and 
Nanoprisms.J. Phys. Chem. C2009, 113, 5150-5156. 
(54) Li, W.; Ma, H.; Zhang, J.; Liu, x.; Feng, X. Fabrication of Gold Nanoprism Thin 
Films and Their Aplications in Designing High Activity Electrocatalysts. J. Phys. 
Chem. C 2009,113, 1738-1745. 
(55) Das, A.; Zhao, J.; Schatz, G. C.; Sligar, S. G.; Duyne, R. P. V. Screening of Type 
I and II Drug Binding to Human Cytochrome P450-3A4 in Nanodiscs by 
191 
Localized Surface Plasmon Resonance Spectroscopy. Anal. Chern. 2009, 81, 
3754-3759. 
(56) Jones, M. R.; Millstone, J. E.; Giljohann, D. A.; Seferos, D. S.; Young, K. L.; 
Mirkin, C. A. Plasmonically Controlled Nucleic Acid Dehybridization with Gold 
Nanoprisms. Chern. Phys. Chern. 2009,10, 1461-1465. 
(57) Haes, A. J.; Hall, W. P.; Chang, L.; Klein, W. L.; Van Duyne, R. P. A Localized 
Surface Plasmon Resonance Biosensor: First Steps toward an Assay for 
Alzheimer's Disease. Nano Lett. 2004, 4, 1029-1034. 
(58) Haes, A. J.; Zou, S.; Schatz, G. C.; Van Duyne, R. P. Nanoscale Optical 
Biosensor: Short Range Distance Dependence of the Localized Surface Plasmon 
Resonance of Noble Metal Nanoparticles. J Phys. Chern. B 2004, 108, 6961-
6968. 
(59) Nelayah, J.; Kociak, M.; Stephan, 0.; Abajo, F. J. G. D.; Tence, M.; Henrard, L.; 
Taverna, D.; Pastoriza-Santos, I.; Liz-Marzan, L. M.; Colliex, C. Mapping 
Surface Plasmons on a Single Metallic Nanoparticle. Nat. Phys. 2007,3, 348-353. 
(60) Sannomiya, T.; Hafner, C.; Voros, J. In situ Sensing of Single Binding Events by 
Localized Surface Plasmon Resonance. Nano Lett. 2008, 8, 3450-3455. 
(61) <http://home.hccnet.nVja.marquartiBasicSPRibasicsprO 1.htm> . 
. (62) Lofas, N.; Malmqvist, M.; Ronnberg, I.; Stenberg, E.; Lundstrom, I.; Liedberg, B. 
Bioanalysis with Surface Plasmon Resonance. Sens. Actuators B 1991, 5, 79-84. 
(63) Abdallah, T.; Abdalla, S.; Negm, S.; Talaat, H. Surface Plasmons Resonance 
Technique for the Detection of Nicotine in Cigarette Smoke. Sens. Actuators A 
2003,102,234-239. 
192 
(64) Quinn, J. G.; O'Neill, S.; Doyle, A.; McAtamney, C.; Diamond, D.; MacCraith, B. 
D.; O'Kennedy, R Development and Application of Surface Plasmon Resonance-
Based Biosensors for the Detection of Cell-Ligand Interactions. Anal. Biochem. 
2000,281, 135-143. 
(65) Akimoto, T.; Sasaki, S.; Ikebukuro, K.; Karube, I. Effect of Incident Angle of 
Light on Sensitivity and Detection Limit for Layers of Antibody with Surface 
Plasmon Resonance Spectroscopy. Biosens. Bioelectron. 2000, 15, 355-362. 
(66) Jordon, C. E.; Com, R M. Surface Plasmon Resonance Imaging Measurements of 
Electrostatic Biopolymer Adsorption onto Chemically Modified Gold Surfaces. 
Anal. Chem. 1997,69, 1449-1456. 
(67) Anker, J. N.; Hall, W. P.; Lyandres, 0.; Shah, N. C.; Zhao, J.; Duyne, R P. V. 
Biosensing with plasmonic nanosensors. Nat. Mater. 2008, 7,442-453. 
(68) Jain, P. K.; Huang, X.; EI-Sayed, I. H.; EI-Sayed, M. A. Noble Metals on the 
Nanoscale: Optical and Photothermal Properties and Some Applications in 
Imaging, Sensing, Biology, and Medicine. Ace. Chem. Res. 2008,41, 1578-1586. 
(69) Schultz, D. A. Plasmon Resonant Particles for Biological Detection. Curr Opin 
Biotechnol2003, 14, 13-22. 
(70) Stewart, M. E.; Anderton, C. R; Thompson, L. B.; Maria, J.; Gray, S. K.; Rogers, 
J. A.; Nuzzo, R G. Nanostructured Plasmonic Sensors. Chem. Rev. 2008, 108, 
494-521. 
(71) Zhao, J.; Sherry, L. J.; Schatz, G. c.; Duyne, R P. V. Molecular Plasmonics: 
Chromophore-Plasmon Coupling and Single- Particle Nanosensors. IEEE J 
Quantum. Electron. 2008,14, 1418-1429. 
193 
(72) Elghanian, R; Storhoff, 1. 1.; Mucic, R C.; Letsinger, R L.; Mirkin, C. A. 
Selective Colorimetric Detection of Polynucleotides Based on the Distance-
Dependent Optical Properties of Gold Nanoparticles. Science 1997,277. 
(73) Gao, D.; Tian, Y.; Liang, F.; Ding, L.; Bi, S.; Chen, Y.; Zhang, H.; Yu, A. 
Investigation on the interaction between colloidal gold and human complement 
factor 4 at different pH by spectral methods. Colloid. Surf B 2006,47, 71-77. 
(74) Kim, Y.; Johnson, R. C.; Hupp, J. T. Gold Nanoparticle-Based Sensing of 
"Spectroscopically Silent" Heavy Metal Ions. Nano Lett. 2001, 1, 165-167. 
(75) Thanh, N. T. K.; Rosenzweig, Z. Development of an Aggregation-Based 
Immunoassay for Anti-Protein A Using Gold Nanoparticles. Anal. Chem. 2002, 
74, 1624-1628. 
(76) Russell, L. E.; Pompano, R R; Kittredge, K. W.; Leopold, M. C. Assembled 
Nanoparticle Films with Crown Ether-metal ion Sandwiches as Sensing 
Mechanisms for Metal Ions. J. Mater. Sci. 2007,42, 7100-7108. 
(77) Zamborini, F. P.; Leopold, M. C.; Hicks, J. F.; Kulesza, P. J.; Malik, M. A.; 
Murray, R W. Electron Hopping Conductivity and Vapor Sensing Properties of 
Flexible Network Polymer Films of Metal Nanoparticles. J. Am. Chem. Soc. 2002, 
124, 8958-8964. 
(78) Reinhard, B. M.; Sheikholeslami, S.; Mastroianni, A.; Alivisatos, A. P.; Liphardt, 
J. Use of Plasmonic Coupling to Reveal the Dynamics of DNA Bending and 
Cleavage by single EcoRV Restriction Enzymes. Proc. Natl. Acad. Sci. US.A. 
2007,104,2667-2672. 
194 
(79) Sebba, D. S.; Mock, J. J.; Smith, D. R.; LaBean, T. H.; Lazarides, A. A. 
Reconfigurable Core#Satellite Nanoassemblies as Molecularly-Driven Plasmonic 
Switches. Nano Lett. 2008,8, 1803-1808. 
(80) Sonnichsen, C.; Reinhard, B. M.; Liphardt, J.; Alivisatos, A. P. A Molecular 
Ruler based on Plasmon Coupling of Single Gold and Silver Nanoparticles. Nat. 
Biotechol. 2005,23, 741-745. 
(81) Schultz, S.; Smith, D. R.; Mock, J. J.; Schultz, D. A. Single-target Molecule 
Detection with Nonbleaching Multicolor Optical Immunolabels. Proc. Natl. Acad 
Sci. US.A. 2000,97,996-1001. 
(82) Seydack, M. Nanoparticle Labels in Immunosensing using Optical Detection 
Methods. Biosens. Bioelectron. 2005, 20. 
(83) Xu, x.-H. N.; Chen, J.; Jeffers, R. B.; Kyriacou, S. Direct Measurement of Sizes 
and Dynamics of Single Living Membrane Transporters Using Nanooptics. Nano 
Lett 2002,2, 175-182. 
(84) EI-Sayed, I. H.; Huang, X.; EI-Sayed, M. A. Surface Plasmon Resonance Scattering 
and Absorption of anti-EGFR Antibody Conjugated Gold Nanoparticles in Cancer 
Diagnostics: Applications in Oral Cancer. Nano Lett. 2005,5,829-834. 
(85) Keating, C. D.; Natan, M. J. Striped Metal Nanowires as Building Blocks and 
Optical Tags. Adv. Mater. 2003,15,451-454. 
(86) Yonzon, C. R.; Jeoung, E.; Zou, S.; Schatz, G. C.; Mrksich, M.; Duyne, R. P. V. 
A Comparative Analysis of Localized and Propagating Surface Plasmon 
Resonance Sensors: The Binding of Concanavalin A to a Monosaccharide 
195 
Functionalized Self-Assembled Monolayer. J Am. Chern. Soc. 2004, 126, 12669-
12676. 
(87) Eck, D.; Helm, C. A; Wagner, N. J.; Vaynberg, K. A Plasmon Resonance 
Measurements of the Adsorption and Adsorption Kinetics of a Biopolymer onto 
Gold Nanocolloids. Langmuir 2001, 17,957-960. 
(88) Englebienne, P. Use of colloidal gold surface plasmon resonance peak shift to 
infer affinity constants from the interactions between protein antigens and 
antibodies specific for single or multiple epitopes. Analyst 1998, 123, 1599-1603. 
(89) Englebienne, P.; Hoonacker, A. V. Gold-Conductive Polymer Nanopartic1es: A 
Hybrid Material with Enhanced Photonic Reactivity to Environmental Stimuli. J 
Colloid Interface Sci. 2005,292,445-454. 
(90) Englebienne, P.; Hoonacker, A V.; Verhas, M. High-throughput Screening using 
the Surface Plasmon Resonance effect of Colloidal Gold Nanopartic1es. Analyst 
2001,126,1645-1651. 
(91) Englebienne, P.; Hoonacker, A V.; Verhas, M.; Khlebtsov, N. G. Advances in 
High-Throughput Screening: Biomolecular Interaction Monitoring in Real-Time 
with Colloidal Metal Nanopartic1es. Comb. Chern. High Throughput Screen. 
2003,6, 777-787. 
(92) Yu, C.; Irudayaraj, J. Multiplex Biosensor Using Gold Nanorods. Anal. Chern. 
2007, 79, 572-579. 
(93) Arai, T.; Kumar, P. K. R.; Rockstuhl, C.; Awazu, K.; Tominaga, J. An Optical 
Biosensor based on Localized Surface Plasmon Resonance of Silver 
Nanostructures Films. J Opt. A: Pure. Appl. Opt. 2007,9,699-703. 
196 
(94) Bendikov, T. A; Rabinkov, A; Karakouz, T.; Vaskevich, A; Rubinstein, I. 
Biological Sensing and Interface Design in Gold Island Film Based Localized 
Plasmon Transducers. Anal. Chern. 2008,80, 7487-7498. 
(95) Gish, D. A.; Nsiah, F.; McDermott, M. T.; Brett, M. J. Localized Surface Plasmon 
Resonance Biosensor Using Silver Nanostructures Fabricated by Glancing Angle 
Deposition. Anal. Chern. 2007, 79,4228-4232. 
(96) Karakouz, T.; Vaskevich, A; Rubinstein, I. Polymer-Coated Gold Island Films as 
Localized Plasmon Transducers for Gas Sensing. J. Phys. Chern. B 2008, 112, 
14530-14538. 
(97) Lahav, M.; Vaskevich, A.; Rubinstein, I. Biological Sensing Using Transmission 
Surface Plasmon Resonance Spectroscopy. Langrnuir 2004,20, 7365-7367. 
(98) Ruach-Nir, I.; Bendikov, T. A.; Doron-Mor, I.; Barkay, Z.; Vaskevich, A; 
Rubinstein, I. Silica-Stabilized Gold Island Films for Transmission Localized 
Surface Plasmon Sensing. J. Arn. Chern. Soc. 2007, 129, 84-92. 
(99) Cheng, S.-F.; Chau, L.-K. Colloidal Gold-Modified Optical Fiber for Chemical 
and Biochemical Sensing. Anal. Chern. 2003, 75, 16-21. 
(100) Hiep, H. M.; Yoshikawa, H.; Saito, M.; Tamiya, E. An Interference Localized 
Surface Plasmon Resonance Biosensor Based on the Photonic Structure of Au 
Nanopartic1es and Si02/Si Multilayers. ACS Nano 2009, 3, 446-452. 
(101) Nath, N.; Chilkoti, A A Colorimetric Gold Nanopartic1e Sensor To Interrogate 
Biomolecular Interactions in Real Time on a Surface. Anal. Chern. 2002, 74,504-
509. 
197 
(102) Nath, N.; Chilkoti, A. Label-Free Biosensing by Surface Plasmon Resonance of 
Nanoparticles on Glass: Optimization of Nanoparticle Size. Anal. Chern. 2004, 
76, 5370-5378. 
(103) Olkhov, R. V.; Fowke, J. D.; Shaw, A. M. Whole Serum BSA Antibody 
Screening using a Label-free Biphotonic Nanoparticle Array. Anal. Biochern. 
2009,385,234-241. 
(104) Zhou, Y.; Xu, H.; Dahlin, A. B.; Vallkil, J.; Borrebaeck, C. A. K.; Wingren, c.; 
Liedberg, B.; Hook, F. Quantitative Interpretation of Gold Nanoparticle-based 
Bioassays Designed for Detection of Immunocomplex Formation. Biointerphases 
2007,2,6-15. 
(105) Nusz, G. J.; Marinakos, S. M.; Curry, A. C.; Dahlin, A.; Hook, F.; Wax, A.; 
Chilkoti, A. Label-Free Plasmonic Detection of Biomolecular Binding by a Single 
Gold Nanorod. Anal. Chern. 2008,80,984-989. 
(106) Raschke, G.; Kowarik, S.; Franzl, T.; Sonnichsen, C.; Klar, T. A.; Feldmann, J.; 
Nichtl, A.; Kurzinger, K. Biomolecular Recognition Based on Single Gold 
Nnaoparticle Light Scattering. Nano Lett. 2003,3,935-938. 
(107) Haes, A. J.; Zou, S.; Schatz, G. C.; Duyne, R. P. V. Nanoscale Optical Biosensor: 
Short Range Distance Dependence of the Localized Surface Plasmon Resonance 
of Noble Metal Nanoparticles. J Phys. Chern. B 2004,108,6961-6968. 
(108) McFarland, A. D.; Duyne, R. P. V. Single Silver Nanoparticles as Real-Time 
Optical Sensors with Zeptomole Sensitivity. Nano Lett. 2003,3, 1057-1062. 
198 
(109) Murray, W. A.; Auguie, B.; Barnes, W. L. Sensitivity of Localized Surface Plasmon 
Resonances to Bulk and Local Changes in the Optical Environment. J. Phys. 
Chem. C2009, 113,5120-5125. 
(110) Chen, H.; Kou, X.; Yang, Z.; Ni, W.; Wang, J. Shape- and Size-Dependent 
Refractive Index Sensitivity of Gold Nanoparticles. Langmuir 2008, 24, 5233-
5237. 
(111) Haes, A. J.; Chang, L.; Klein, W. L.; Duyne, R. P. v. Detection of a Biomarker 
for Alzheimer's Disease from Synthetic and Clinical Samples Using a Nanoscale 
Optical Biosensor. J. Am. Chem. Soc. 2005, 127,2264-2271. 
(112) Haes, A. J.; Hall, W. P.; Chang, L.; Klein, W. L.; Duyne, R. P. V. A Localized 
Surface Plasmon Resonance Biosensor: First Steps toward an Assay for 
Alzheimer's Disease. Nano Lett. 2004, 4, 1029-1034. 
(113) Khlebtsov, B. N.; Khlebtsov, N. G. Biosensing Potential of Silica/Gold 
Nanoshells: Sensitivity of Plasmon Resonance to the Localized Dielectric 
Environment. J Quant Spectros Radiat Transfer 2007,106, 154-169. 
(114) Marinakos, S. M.; Chen, S.; Chilkoti, A. Plasmonic Detection of a Model Analyte 
in serum by a Gold Nanorod Sensor. Anal. Chem. 2007, 79, 5278-5283. 
(115) Mayer, K. M.; Lee, S.; Liao, H.; Rostro, B. C.; Fuentes, A.; Scully, P. T.; Nehl, C. 
L.; Hafner, J. H. A Label-Free Immunoassay Based Upon Localized Surface 
Plasmon Resonance of Gold Nanorods. ACS Nano 2008, 2, 687-692. 
(116) Sherry, L. J.; Jin, R.; Mirkin, C. A.; Schatz, G. C.; Duyne, R. P. V. Localized 
Surface Plasmon Resonance Spectroscopy of Single Silver Triangular 
Nanoprisms. Nano Lett. 2006, 6, 2060-2065. 
199 
(117) Kim, S.; Cheng, N.; Jeong, J.-R.; Jang, S.-G.; Yang, S.-M.; Huck, W. T. S. 
Localized Surface Plasmon Resonance (LSPR) Sensitivity of Au Nanodot 
Patterns to probe Solvation Effects in Polyelectrolyte Brushes. Chern. Cornrnun. 
2008, 3666-3668. 
(118) Li, H.; Luo, x.; Du, C.; Chen, X.; Fu, Y. Ag Dots Array Fabricated using Laser 
Interference Technique for Biosensing. Sens. Actuators B 2008, 134, 940-944. 
(119) Kim, D.-K.; Kerman, K.; Hiep, H. M.; Saito, M.; Yamamura, S.; Takamura, Y.; 
Kwon, Y.-S.; Tamiya, E. Label-free optical detection of aptamer-protein 
interactions using gold-capped 
oxide nanostructures. Anal. Biochern. 2008,379, 1-7. 
(120) Sakai, N.; Fujiwara, Y.; Arai, M.; Yu, K.; Tatsuma, T. Electrodeposition of 
gold nanoparticles on ITO: Control of morphology and plasmon resonance-
based absorption and scattering. J. Electroanal. Chern. 2009,628, 7-15. 
(121) Hiep, H. M.; Eodo, T.; Saito, M.; Chikae, M.; Kim, D. K.; Yamamura, S.; Takamura, Y.; 
Tamiya, E. Label-Free Detection of Melittin Binding to a Membrane Using 
Electrochemical-Localized Surface Plasmon Resonance. Anal. Chern. 2008, 80, 
1859-1864. 
(122) Dahint, R.; Trileva, E.; Acunman, H.; Konrad, U.; Zimmer, M.; Stadler, V.; 
Himmelhaus, M. Optically Responsive Nanopartic1e Layers for the Label-free 
Analysis of Biospecific Interactions in Array Formats. Biosens. Bioelectron. 
2007,22,3174-3181. 
(123) Himmelhaus, M.; Takei, H. Cap-shaped Gold Nanopartic1es for an Optical 
Biosensor. Sens. Actuators B 2000,63,24-30. 
200 
(124) Sun, Y.; Xia, Y. Increased Sensitivity of Surface Plasmon Resonance of Gold 
Nanoshells Compared to that of Gold Solid Colloids in Response to 
Environmental Changes. Anal. Chern. 2002, 74,5297-5305. 
(125) Burgin, J.; Liu, M.; Guyot-Sionnest, P. Dielectric Sensing with Deposited Gold 
Bipyramids. J Phys. Chern. C 2008, 112, 19279-19282. 
(126) Chen, C.-D.; Cheng, S.-F.; Chau, L.-K.; Wang, C. R. C. Sensing capability of the 
localized surface plasmon resonance of gold nanorods. Biosens. Bioelectron. 
2007,22,926-932. 
(127) Bocchio, N. L.; Unger, A; A#lvarez, M.; Kreiter, M. Thin Layer Sensing with 
Multipolar Plasmonic Resonances. J Phys. Chern. C 2008, 112, 14355-14359. 
(128) Haes, A J.; Duyne, R. P. V. A Nanoscale Optical Biosensor: Sensitivity and 
Selectivity of an Approach Based on the Localized Surface Plasmon Resonance 
Spectroscopy of Triangular Silver Nanopartic1es. J Arn. Chern. Soc. 2002, 124, 
10596-10604. 
(129) Haynes, C. L.; Duyne, R P. V. Nanosphere Lithography: A versatile 
Nanofabrication Tool for Studies of Size-Dependent Nanopartic1e Optics. J Phys. 
Chern. B 2001,105,5599-5611. 
(130) Jensen, T. R; Duval, M. L.; Kelly, K. L.; Lazarides, A. A; Schatz, G. C.; Duyne, 
R P. V. Nanosphere Lithography: Effect of the External Dielectric Medium on 
the Surface Plasmon Resonance Spectrum of a Periodic Array of Silver 
Nanopartic1es. J Phys. Chern. B 1999, 103,9846-9853. 
(131) Malinsky, M. D.; Kelly, K. L.; Schatz, G. C.; Duyne, R P. V. Chain Length 
Dependence and Sensing Capabilities of the Localized Surface Plasmon 
201 
Resonance of Silver Nanoparticles Chemically Modified with Alkanethiol Self-
Assembled Monolayers. J Arn. Chern. Soc. 2001, 123, 1471-1482. 
(132) Whitney, A. V.; Elam, J. W.; Zou, S.; Zinovev, A. V.; Stair, P. C.; Schatz, G. C.; 
Duyne, R P. V. Localized Surface Plasmon Resonance Nanosensor: A High-
Resolution Distance-Dependence Study Using Atomic Layer Deposition. J Phys. 
Chern. B 2005, 109, 20522-20528. 
(133) Zhang, x.; Hicks, E. M.; Zhao, 1.; Schatz, G. c.; Duyne, R P. V. Electrochemical 
Tuning of Silver Nanoparticles fabricated by Nanosphere Lithography. Nano Lett. 
2005,5,1503-1507. 
(134) Novo, C.; Funston, A. M.; Mulvaney, P. Direct Observation of Chemical 
Reactions on Single Gold Nanocrystals Using Surface Plasmon Spectroscopy. 
Nat. Nanotech. 2008,3,598-602. 
(135) Sonnichsen, C.; Geier, S.; Hecker, N. E.; Plessen, G. V.; Feldmann, J.; Ditlbacher, 
H.; Lamprecht, B.; Krenn, J. R; Aussenegg, F. R.; Chan, V. Z.-H.; Spatz, J. P.; 
Moller, M. Spectroscopy of Single Metallic Nanoparticles Using Total Internal 
Reflection Microscopy. App. Phys. Lett. 2000, 77, 2949-2951. 
(136) Huang, T.; Nallathamby, P. D.; Xiao-Hong; Xu, N. Photostable Single-Molecule 
Nanoparticle Optical Biosensors for Real-Time Sensing of Single Cytokine 
Molecules and their Binding Reactions. J Arn. Chern. Soc. 2008, 130, 17095-
17105. 
(137) Mock, J. J.; Barbic, M.; Smith, D. R.; Schultz, D. A.; Schultz, S. Shape Effects in 
Plasmon Resonance of Individual Colloidal Silver Nnaoparticles. J Chern. Phys. 
2002, 113,6755-6759. 
202 
(138) Nusz, G. l; Curry, A c.; Marinakos, S. M.; Wax, A; Chilkoti, A Rational 
Selection of Gold Nanorod Geometry for Label-Free Plasmonic Biosensors. ACS 
Nano 2009, ASAP Article. 
(139) Raschke, G.; Brogl, S.; Susha, AS.; Rogach, A L.; Klar, T. A; Feldmann, l; 
Fieres, B.; Petkov, N.; Bein, T.; Nichtl, A; Krzinger, K. Gold Nanoshells 
Improve Single Nanoparticle Molecular Sensors. Nano Lett. 2004,4, 1853-1857. 
(140) McMahon, J. M.; Wang, Y.; Sherry, L. l; Duyne, R. P. V.; Marks, L. D.; Gray, S. 
K.; Schatz, G. C. Correleting the Structure, Optical Spectra, and Electrodynamics 
of Single SilverNanocubes.J Phys. Chern. C2009, 113, 2731-2735. 
(141) Sherry, L. J.; Chang, S.-H.; Schatz, G. C.; Duyne, R. P. V.; Wiley, B. J.; Xia, Y. 
Localized Surface Plasmon Resonance Spectroscopy of Single Silver Nanocubes. 
Nano Lett. 2005,5,2034-2038. 
(142) Mock, J. J.; Smith, D. R.; Schultz, S. Local Refractive Index Dependence of 
Plasmon Resonance Spectra from Individual Nanoparticles. Nano Lett. 2003, 3, 
485-491. 
(143) Stiles, R. L.; Willets, K. A; Sherry, L. J.; Roden, J. M.; Duyne, R. P. V. 
Investigating Tip#Nanoparticle Interactions in Spatially Correlated Total Internal 
Reflection Plasmon Spectroscopy and Atomic Force Microscopy. J Phys. Chern. 
B 2008, 112, 11696-11701. 
(144) Nehl, C. L.; Liao, H.; Hafner, J. H. Optical Properties of Star-Shaped Gold 
Nanoparticles. Nano Lett. 2006, 6, 683-688 . 
. 203 
(145) Au, L.; Chen, Y.; Zhou, F.; Camargo, P. H. C.; Lim, B.; Li, Z.-Y.; Ginger, D. S.; 
Xia, Y. Synthesis and Optical Properties of Cubic Gold Nanoframes. Nano. Res. 
2008,1,441-449. 
(146) Feng, L.; Wu, X.; Ren, L.; Xiang, Y.; He, W.; Zhang, K.; Zhou, W.; Xie, S. Well-
Controlled Synthesis of Au@Pt Nanostructures by Gold-Nanorod-
Seeded Growth. Chem. Eur. J 2008,14, 9764-977l. 
(147) Zhang, K.; Xiang, Y.; Wu, X.; Feng, L.; He, W.; Liu, J.; Zhou, W.; Xie, S. Enhanced 
Optical Responses of Au@Pd Core/Shell Nanobars. Langmuir 2009, 25, 1162-
1168. 
(148) Lee, K.-S.; El-Sayed, M. A Gold and Silver Nanopartic1es in Sensing and 
Imaging: Sensitivity of Plasmon Response to Size, Shape, and Metal 
Composition. J Phys. Chem. B 2006,110, 19220-19225. 
(149) Miller, M. M.; Lazarides, A. A. Sensitivity of Metal Nanopartic1e Surface Plasmon 
Resonance to the Dielectric Environment. J Phys. Chem. B 2005, 109, 21556-
21565. 
(150) Jain, P. K.; EI-Sayed, M. A Noble Metal Nanopartic1e Pairs: Effect of Medium 
for Enhanced Nanosensing. Nano Lett. 2008,8,4347-4352. 
(151) Dmitriev, A; Hagglund, C.; Chen, S.; Fredriksson, H.; Pakizeh, T.; Kall, M.; 
Sutherland, D. S. Enhanced Nanoplasmonic Optical Sensors with Reduced 
Substrate Effect. Nano Lett. 2008, 8, 3893-3898. 
(152) Byun, K. M.; Yoon, S. J.; Kim, D. Effect of Surface Roughness on the Extinction-
based Localized Surface Plasmon Resonance Biosensors Applied Optics 2008, 47, 
5886-5892. 
204 
(153) Khalavka, Y.; Becker, J.; Sonnichsen, C. Synthesis of Rod-Shaped Gold 
Nanorattles with Improved Plasmon Sensitivity and Catalytic Activity. J. Am. 
Chem. Soc. 2009, 131, 1871-1875. 
(154) Nusz, G. J.; Curry, A c.; Marinakos, S. M.; Wax, A; Chilkoti, A Rational 
Selection of Gold Nanorod Geometry for Label-Free Plasmonic Biosensors. ACS 
Nano 2009, 3, 795-806. 
(155) Anker, J. N.; Hall, W. P.; Lyandres, 0.; Shah, N. c.; Zhao, J.; Van Duyne, R. P. 
Biosensing with plasmonic nanosensors. Nat. Mater. 2008, 7,442-453. 
(156) Haynes, C. L.; McFarland, A D.; Van Duyne, R. P. Surface-Enhanced Raman 
Spectroscopy. Anal. Chem. 2005, 338A-346A 
(157) Slawinski, G. W.; Zamborini, F. P. Synthesis and Alignment of Silver 
Nanorods and Nanowires and the Formation of Pt, Pd, and Core/Shell 
Structures by Galvanic Exchange Directly on Surfaces. Langmuir 2007, 23, 
10357-10365. 
(158) Jana, N. R.; Gearheart, L.; Murphy, C. J. Wet Chemical Synthesis of High Aspect 
Ratio Cylindrical Gold Nanorods. J. Phys. Chem. B 2001,105,4065-4067. 
(159) Taub, N.; Krichevski, 0.; Markovich, G. Growth of Gold Nanorods on Surfaces. 
J. Phys. Chem. B 2003,107, 11579-11582. 
(160) Mieszawska, A J.; Jalilian, R.; Sumanasekera, G. U.; Zamborini, F. P. Synthesis 
of Gold Nanorod/Single-Wall Carbon Nanotube Heterojunctions Directly on 
Surfaces. J. Am. Chem. Soc. 2005,127, 10822-10823. 
205 
(161) Mieszawska, A. J.; Slawinski, G. W.; Zamborini, F. P. Directing the Growth of 
Highly Aligned Gold Nanorods through a Surface Chemical Amidation Reaction. 
J. Am. Chem. Soc. 2006, 128, 5622-5623. 
(162) Mieszawska, A. J.; Zamborini, F. P. Gold Nanorods grown Directly on Surfaces 
from Microscale Patterns of Gold Seeds. Chem. Mater. 2005,17,3415-3420. 
(163) Wei, Z.; Mieszawska, A. J.; Zamborini, F. P. Synthesis and Manipulation of High 
Aspect Ratio Gold Nanorods Grown Directly on Surfaces. Langmuir 2004, 20, 
4322-4326. 
(164) Wei, Z.; Zamborini, F. P. Directly Monitoring the Growth of Gold Nanoparticle 
Seeds into gold Nanorods. Langmuir 2004,20, 11301-11304. 
(165) Zhang, J.; Kambayashi, M.; Oyama, M. A novel electrode surface fabricated 
by directly attaching gold nanospheres and nanorods onto indium tin oxide 
substratewith a seed mediated growth process. Electrochem. Comm. 2004, 6, 683-
688. 
(166) Smith, D. K.; KorgeI, B. A. The Importance of the CTAB Surfactant on the 
Colloidal Seed-Mediated Synthesis of Gold Nanorods. Langmuir 2008, 24, 644-
649. 
(167) Sonnichsen, c.; Reinhard, B. M.; Liphardt, J.; Alivisatos, A. P. A Molecular 
Ruler based on Plasmon Coupling of Single Gold and Silver Nanoparticles. Nat. 
Biotechnol. 2005,23, 741-745. 
(168) Mieszawska, A. J.; Jalilian, R.; Sumanasekera, G. U.; Zamborini, F. P. The 
Synthesis and Fabrication of One-dimensional Nanoscale Heterojunctions. Small 
2007,3, 722-756. 
206 
(169) McFarland, A. D.; VanDuyne, R. P. Single Silver Nanoparticles as Real-Time 
Optical Sensors with Zeptomole Sensitivity. Nano Lett. 2003,3, 1057-1062. 
(170) Novo, C.; Funston, A. M.; Mulvaney, P. Direct Observation of Chemical 
Reactions on Single Gold Nanocrystals Using Surface Plasmon Spectroscopy. 
Nat. Nanotechnol. 2008,3,598-602. 
(171) Haes, A. J.; Van Duyne, R. P. A Nanoscale Optical Biosensor: Sensitivity and 
Selectivity of an Approach Based on the Localized Surface Plasmon Resonance 
Spectroscopy of Triangular Silver Nanoparticles. J. Am. Chem. Soc. 2002, 124, 
10596-10604. 
(172) Beeram, S. R.; Zamborini, F. P. Purification of Au nanoplates Grown Directly on 
Surfaces for Enhanced Localized Surface Plasmon Resonance Biosensing. ACS 




Srinivas Reddy Beeram 
Department of Chemistry 
University of Louisville 
Louisville, KY 40292 
Telephone: (502) 852-5982 
Mobile: (502) 744 - 0437 
E-mail: SObeer02@louisville.edu 
University of Louisville, Louisville KY 
Ph.D. in Chemistry, August 06 2010 
Department of Chemistry (Dr. Francis P. Zamborini) 
Dissertation Topic: The Localized Surface Plasmon 
Resonance (LSPR) Response of Gold and Gold/Silver Metal 
Nanostructures to Protein Binding and Global Refractive 
Index Changes. 
Kakatiya University, Warangal, India 




University of Louisville, Louisville, KY USA Fall 2004-present 
Synthesized metal nanostructures and used them for Localized Surface Plasmon 
Resonance (LSPR) Biosensing. This involved seed-mediated synthesis of metal 
nanostructures directly on surfaces and selective attachment of antibodies on the 
edges ofnanostructures where the Plasmon fields are most intense. We used the 
nanostructures for antigen detection by monitoring the optical changes by UV -vis 
spectroscopy. Our goal was to determine the optical detection limit of these 
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• Graduate Teaching Assistant Fall 2004 - present. 
Proctored and graded for General Chemistry 2011202, 101. 
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Introduction to Chemical Analysis I and II - Chemistry 207/208 labs. 
Introduction to Chemical Analysis III and IV - Chemistry 209/210 labs. 
Organic Chemistry Laboratory I - Chern 343. 
My Job involved pre-lab lectures, teaching important concepts and techniques for 
understanding and performing experiments in the laboratory, setting up 
chemicals for the lab, pay attention to safety in the laboratory, grading the pre-
labs and lab reports. 
General Chemistry 201 - Recitations 
My job involved answering the questions students had regarding the topics taught 
by the main instructor and giving quizzes. 
Stock Room Assistance: Summer 2009 
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